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1. Summary

In this report are summarized the results of a 3-year research effort on electron detachment and
gas dielectric phenomena. The research focused on understanding the basic processes involved in
gas breakdown and gas discharges, and the properties of systems of direct interest to gas
insulation and gas-discharge-based technologies.

Measurements are reported on the rate constants and cross sections of electron attachment to SF,,
c-C,F,, and C,F, as a function of temperature from 300 to 600 K. Measurements are reported,
also, of the rate constant for temperature-enhanced autodetachment from SF, c-C,Fy, and CF¢
in the same temperature range. These findings have been understood in terms of the internal
energy of the neutral molecule and its electron affinity, and in terms of the internal energy of the
parent anion. Consistent with the high value of the electron affinity of SF, no significant
autodetachment in the temperature range 300 to 600 K has been observed in SF, / N, mixtures.
The dielectric strength of SF, was found to increase with temperature in the range 300 to 600 K
and this is explained on the basis of the effect of temperature on electron attachment to SF,at
high energies.

New techniques for accurate measurement of the effect of temperature on electron attachment
and detachment processes in electronegative gases, and the photodetachment threshold and
photodetachment cross section of negative ions in dense gases (and in liquids) are described.
Accurate measurements have been made of the photodetachment cross section and energetics for
SF, in N, and CH, buffer gases. Similar measurements were made for C;F, in both the gaseous
and the condense phase.

Optically-enhanced electron attachment has been observed in hydrogen, silane, and methane.
The results obtained aided our understanding of uniform and non-uniform field breakdown

characteristics of dielectric gases ,and, also, our understanding of phenomena observed in plasma

processing of materials, negative ion sources, and lasing systems.




2. Introduction

This report describes the work that has been conducted under the project entitled " Electron
Detachment and Dielectric Phenomena" during a 3-year period from April 14, 1992 to April 23,
1995. This research was performed under the auspices of the Wright Laboratory, Wright-
Patterson Air Force Base of the Department of the Air Force, Contract Number F3361592-C-
2221; the Air Force Contact was Dr. Alan Garscadden.

The research performed under this contract focused on understanding the basic processes
involved in gas breakdown and gas discharges in order to pave the way for improvements in the
reliability of Gas-Insulated Systems (GIS) and gas-discharge-based technologies. The principal
goals of the present work were:

(1) The quantification and understanding of electron detachment from negative ions in dielectric
gases / gas mixtures under varied experimental conditions of applied electric field, gas pressure
and temperature;

(i) The investigation of the effect of temperature on the electron attachment to molecules and
electron autodetachment from parent negative ions of interest to gaseous dielectrics.

(1i1) The accurate measurement of the photodetachment thresholds and the absolute
photodetachment cross section for SF¢” and other anions of interest to gas-discharge technologies
and the effect of the medium on this process.

(iv) Electron attachment to electronically excited molecules.

The major accomplishments of this project can be summarized as follows:

(1). Measurements of the rate constants and cross sections of electron attachment to SF, c-C,F,,
and C.F, as a function of temperature (and, also, as a function of applied electric field and gas
pressure) from room temperature to about 600 K.

(2). Measurement of the rate constant for temperature-enhanced autodetachment from SF,
c-C,Fy, and CF from room temperature to about 600 K.

(3). Development of an understanding of the effect of temperature on electron attachment and
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autodetachment in terms of the internal energy of the neutral molecule and its electron affinity,
and in terms of the internal energy of the parent anion.

(4). Establishment of a new technique which allows simultaneous study of the effect of internal
ro-vibrational energy of molecules on the formation of parent anions and of the effect of ro-
vibrational energy on the autodechment of the parent anions.

(5). Development of a sensitive method which allows the accurate measurement of the
photodetachment thresholds and the photodetachment cross sections as a function of photon
energy above threshold in low- and high-pressure gases and in liquids.

(6). Measurement of the photodetachment threshold and the photodetachment cross section of
SF, in high pressure nitrogen and in high pressure methane.

(7). Measurement of the photodetachment threshold and the photodetachment cross section for a
prototypical anion, namely CF’, in both the gaseous and the condensed phases of matter in an
effort to quantify and understand the effect of the medium on the photodetachment process and its
energetics.

(8). The finding that SF, / N, exhibit no significant autodetachment in the temperature range 300
to 600 K. This is consistent with the high value of the electron affinity of the SF molecule.

(9) The finding that the uniform field dielectric strength of SF increases with increasing
temperature in the range 300 to 600 K. This is consistent with the effect of temperature on the
electron attachment properties of the SF, molecule at high energies. ‘

(10). Confirmation of the formation of H™ in UV-laser irradiated hydrogen by in situ
photodetachment measurements and by measurement of the negative ion mobilities.

(11). Observation of optically-enhanced electron attachment in laser-irradiated silicon and in laser-
irradiated methane.

(12). Utilization of the results obtained on the effects of internal energy of molecules and anions
on their electron attachment and detachment properties to aid the understanding of uniform and
nonuniform field breakdown characteristics of dielectric gases and other gas-discharge-based
technologies such as those involved in plasma processing of materials, negative ion sources, and

lasing systems.




The results of these investigations have been fully described in 16 open literature publications.
These are listed in Section 2 of this report. In Section 2 of the report are also listed the papers
which have been presented at scientiﬁc meetings and which are based on work conducted in part
under this contract. Two of the review papers partially sponsored by this contract are given as

Appendix A and as Appendix B.



3. Open Literature Publications and Presentations at Scientific Conferences

3.1. Open Literature Publications

1. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Temperature-Enhanced Electron
Detachment From CF,” Negative Ions," J. Chem. Phys. 98, 7875-7882 (1993).

2. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Temperature Dependence of Electron
Attachment and Detachment in SF, and c-C,F,, " J. Chem. Phys. 99, 8607-8616 (1993).

3.L. G. Christophorou, L. A. Pinnaduwage, and P. G. Datskos, "Electron Attachment to Excited

Molecules," In Linking the Gaseous and the Condensed Phases of Matter: The Behavior of Slow
Electrons, L. G. Christophorou, E. Illenberger, and W. F. Schmidt (Eds.), Plenum Press, New
York, 1994, pp. 415-442.

4. L. A. Pinnaduwage and L. G. Christophorou, "Verification of H Formation in UV-Laser-
Irradiated Hydrogen: Implications for Negative Ion and Neutral Beam Technologies," J. Appl.
Phys. 79, 46-54 (1994).

5. T. Kielkopf, L. A. Pinnaduwage, and L. G. Christophorou, "Lasing in Aluminum Following
Photoionization and Neutralization in the Presence of H,: The Role of H'," Phys. Rev. A49, 2675-
2680 (1994).

6. L. G. Christophorou, "Linking the Gaseous and the Condensed Phases of Matter: The Slow
Electron and its Interactions," In Linking the Gaseous and the Condensed Phases of Matter: The
Behavior of Slow Electrons, L. G. Christophorou, E. Illenberger, and W. F. Schmidt (Eds.),
NATO ASI Series, Plenum Press, 1994, pp. 3-30.

7. L. G. Christophorou, P. G. Datskos, and H. Faidas, "Photodetachment in the Gaseous, Liquid,
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and Solid States of Matter," J. Chem. Phys. 101, 6728-6742 (1994).
8. L. A. Pinnaduwage and L. G. Christophorou, "On the Mechanism of Enhancement of Non-
Uniform Field Breakdown Characteristics Due to Additive Gases," In Gaseous Dielectrics VIL L.

G. Christophorou and D. R. James (Eds.), Plenum Press, 1994, pp. 123-130.

9. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Attachment of Low-Energy Electrons
to "Hot" SF, Molecules," In Gaseous Dielectrics VI, L. G. Christophorou and D. R. James
(Eds.), Plenum Press, 1994, pp. 23-30.

10. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Effect of Temperature on the Electron
Attachment and Detachment Properties of ¢-C,F," In Gaseous Dielectrics VI, L. G.
Christophorou and D. R. James (Eds.), Plenum Press, 1994, pp. 13-20.

11. L. A Pinnaduwage, M. Z. Martin, and L. G. Christophorou, "Enhanced Negative Ion
Formation in UV-Laser-Irradiated Silane; Implications for Plasma Deposition of Amorphous

Silicon,"” Appl. Phys. Letts. 65, 2571-2573 (1994).

12. L. G. Christophorou, P. G. Datskos, and J. G. Carter, "Response to "Comment on
"Temperature-Enhanced Electron Detachment from C.F, Negative Ions," J. Chem. Phys. 100
6983 (1994).
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13. P. G. Datskos, J. G. Carter and L. G. Christophorou, "Photodetachment of SF,"," Chem.
Phys. Letts. (In Press).

14. L. G. Christophorou and P. G. Datskos, "Effect of Temperature on the Formation and

Autodestruction of Parent Anions," International. Journal of Mass Spectrometry and Ion

Processes (Accepted for Publication).




15. L. A. Pinnaduwage, M. Z. Martin, and L. G. Christophorou, "Enhanced Negative Ion
Formation in ArF-Laser-Irradiated Mathane: Possible Implications for Plasma Processing

Discharges," Contributions to Plasma Physics (Accepted for Publication).

16. L. G. Christophorou, R. Van Brunt, and J. Olthoff, "Fundamental Processes in Gas
Discharges," Invited Lectures, Proceedings XIth International Conference on Gas Discharges and

Their Applications, Tokyo, Japan, September 11-15, 1995.

3.2. Presentations at Scientific Meetings

1. L. G. Christophorou, "Linking the Gaseous and the Condensed Phases of Matter: The Slow
Electron and Its Interactions," NATO ASI, Patras, Greece, September 5-18, 1993.

2. L. G. Christophorou, L. A. Pinnaduwage, and P. G. Datskos, "Electron Attachment to Excited
Molecules," NATO ASI, Patras, Greece, September 5-18, 1993.

3. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Temperature-Enhanced Detachment
from Polyatomic Parent Negative Ions," NATO ASI, Patras, Greece, September 5-18, 1993.

4. 7. F. Kielkopf, L. A. Pinnaduwage, and L. G. Christophorou, "Production of the 4s %S, , State
of Al and Stimulated Emission at 3962 A by Al* + H Charge Neutralization Collisions,"
American Physical Society Meeting, Crystal City, Virginia, April 18-22, 1994.

5.L. A. Pinnaduwage and L. G. Christophorou, "On the Mechanism of Enhancement of Non-
Uniform Field Breakdown Characteristics Due to Additive Gases," Seventh International

Symposium on Gaseous Dielectrics, Knoxville, Tennessee, April 24-28, 1994.

6. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Effect of Temperature on the Low-
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Energy Electron Attachment and Detachment Properties of ¢-C, F," Seventh International
Symposium on Gaseous Dielectrics, Knoxville, Tennessee, April 24-28, 1994.

7.P. G. Datskos, L..G. Christophorou, and J. G. Carter, "Attachment of Low-Energy Electrons
to "Hot" SF, Molecules,” Seventh international Symposium on Gaseous Dielectrics, Knoxville,
Tennessee, April 24-28, 1994.

8. L. A. Pinnaduwage, M. Z. Martin, and L. G. Christophorou, "Efficient Negative Ion Formation
in UV-Laser -Irradiated Silane: Implications for Plasma Deposition of Amorphous Silicon," 47th
Annual Gaseous Electronics Conference, Gaithersburg, Maryland, October 18-21, 1994.

9. P. G. Datskos, L. G. Christophorou, and J. G. Carter, "Photodetachment of SF, and C,F,
Negative Ions in the Gaseous Phase," 47th Annual Gaseous Electronics Conference,

Gaithersburg, Maryland, October 18-21, 1994.

10. L. G. Christophorou, "Electron Attachment to Excited Molecules," International Symposium
on Electron- and Photon- Molecule Collisions and Swarms, Berkeley, CA, July 22-25, 1995.

11. L. G. Christophorou, "Fundamental Processes in Gas Discharges," XIth International

Conference on Gas Discharges and Their Applications, Tokyo, Japan, September 11-15, 1995.




4. Photodetachment in Low-Pressure Gases, High-Pressure Gases And in Liquids

4.1. Photodetachment of H in Mixtures of H, and He

A technique has been developed to conduct in sifu photodetachment studies of negative ions in
high-pressure gases (1 to 1000 Torr). This is important for gas-insulated systems and gas
discharges, since the method yields cross sections which are for species which are actually present
in the system. The initial measurements were made for H™ ions for which the photodetachment
cross section is well established. These photodetachment and auxiliary ion mobility measurements
also served another purpose: they identified the negative ion species in laser-irradiated hydrogen.
Both the method and the results are fully described in a paper published in the Journal of Applied
Physics which is reproduced below (pages 10-18).




verification of H™ tormation in ultraviolet-laser-irradiated hyadr~
Implications for negative ion and neutral beam technologies

L. A. Pinnaduwage and L. G. Christophorou

Atomic, Molecular, and High Voltage Physics Group, Health Sciences Research Division, Oak Ridge
National Laboratory, P.O. Box 2008, Oak Ridge, Tennessce 37831-6122, and Department of Physics,

University of Tennessee, Knoxville, Tennessee 37996

(Peceived 18 June 1993; accepted for publication 19 November 1993)

Photodetachment and ion mobility measurements are reported confirming the efficient H™ formation
in UV-laser-irradiated H, reported earlier [L. A. Pinnaduwage and L. G. Christophorou, Phys. Rev.
Lett. 70, 754 (1993)]. The implications of the efficienct H"~ formation in UV-laser-irradiated H, (and
other types of negative ions in UV-laser-irradiated gases) for negative ion and neutral particle beam
technologies are discussed. Also, the possible contribution to H” formation in H, discharge sources
from electron attachment to high-lying electronically excited states of H, is indicated.

1. INTRODUCTION
A. Efficient H™ formation in ArF-laser-irradiated H,

Recently we repomzdl experimental evidence for effi-
cient H™ formation in ArF-excimer-laser-irradiated H,. Due
to the coincidence of the two-photon energy at this laser line
with the E,F 'S; (v=6) state of H,, an efficient transition to
encrgies above the ionization threshold was achieved via a
(2+1) resonance cnhanced multiphoton ionization (REMPI)
process. Electrons produced via photoionization were shown

to attach to the concomitantly produced superexcited states’

{electronically excited states lying above the ionization
threshold, SES) of H, or some other electron attaching spe-
cies produced via SES. Since electron attachment to the
ground X 'S} (v=0) state—which is the only state popu-
lated at room temperature—is extremely weak [maximum
electron attachment rate constant ~10"B em®s™! (Ref. 2)},
clectron attachment must have occurred inside the laser-
irradiated region. Since electron attachment to the high-
vibrational states of the ground X 'E;,' state (hereafter de-
noted by HV states) is known to be orders of magnitude
larger™! compared to the X 'S (r=0) state, a possible
mechanism for the observed H™ formation was electron at-
tachment to HV states produced indirectly via the
E.F'3!—B 'S;—X 'S} radiative transitions. This possi-
bility was ruled out by the observed laser fluence
dependencies;‘ also the estimated rate constant for the ob-
served electron attachment process was much larger com-
pared to electron attachment to the HV states; see beiow.
The electron attachment rate constant associated with the
observations of Ref. 1 could not be evaluated since the life-
time of the electron attaching species was not known. How-
ever, an indirect measure of the efficiency of H™ formation
can be obtained by calculating the electron attachment rate
constant involved if it were due to the long-lived (lifetimes
~10° s) HV states produced indirectly via the above-
mentioned radiative transitions. Even if this process occurred
with 100% efficiency, the electron attachment rate constant
would have to be ~107¢ cm® s™" to explain the observed H™
formation; see Fig. 1.! The maximum electron attachment
rate constant for the HV states is ~107% cm® s71.3* Since the
maximum conversion efficiency for HV states formation via

46 J. Appl. Phys. 76 (1), 1 July 1934
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E,F 'S —B 'S;— X 'S] radiative transitions is ~3%,’ it
is safe to conclude that the actual electron attachment rate
constant involved (for short-lived electronically excited
states) is several orders of magnitude larger compared to the
HV states. The H™ number density corresponding to the
high-laser-intensity data of Fig. 1 is ~10° ions/cm”.

In the experiments of Ref. 1, the positive ions produced
via laser photoionization were rejected and only the negative
jons and the unattached electrons from the laser-irradiated
region were extracted to the detection region by using a
three-electrode arrangement. The voltage signals induced by
the motion of the negative ions and electrons in the detection
region were monitored; the signals due to the negative ions
and the electrons were distinguished by their vastly different
drift velocities (see the signal wave form no. 1 in Fig. 3 in
Sec. 11). Therefore, the evidence for H™ formation in Ref. 1
was indirect; although H™was the only possible negative ion
from H,, we did not have independent confirmation of the
identity of the negative ion. In order to confirm the formation
of H™ ions, we conducted (i) 2 photodetachment study
where, the photodetachment cross section of the negative
ions was measured at the XeCl excimer laser line; (ii) an ion
mobility study where the mobilities of the negative ions (and
concomitantly produced positive ions) were measured; these
studies are described in Sec. 1. The only remote possibility
of producing negative ions of other species would be due to
the presence of O, or water vapor (which was highly un-
likely with our vacuum system of base pressure ~5x107°
Pa); one could expect 07, Oz : or OH™ ions if those impu-
rities were present. Our measured photodetachment and ion
mobility parameters lie well outside the corresponding pa-
rameters for these ions; see below. We also note that the
previously unexplained observation® of lasing in Al at the
3s4s 2S,,,—353p 2P, transitions following ArF laser ir-
radiation of Al in the presence of H, has recently been
shown’ to be due to the population of Al (3s3p 2p,,,) via
charge neutralization of Al* (produced via photoionization
of Al with ArF laser) by H™ (produced via the mechanism
reported in Ref. 1).

© 1994 American Institute of Physics




SIGNAL (mV)

2

1x10% 4x10”

I (photons cm™ 5™

FIG. 1. Lascr intensity /. dependence of the measured total Vi, and nega-
tive jon V, signals for the experimental parameters indicated in the figure; £
is the applicd clectric field in Vem™'. V. is proportional to the number
density of clectrons initially produced via photoionization; the slope of 2 for
the Vy curve indicates cffective two-photon ionization for the (2+1) REMPI
process due to strong photon absorption from the intermediate £.F '2;
(v=6) state. The fraction of clectrons converted to negative ions increases
with increasing /. and at high / almost all the electrons are converted to
negative ions.

B. Negative ion and neutral beam technologies

Negative ions, notably H™ ions, play special roles in
particle accelerators' and also in generating neutral beams
for magnetic fusion energy research.! This is due to the high
efficiencies with which negative ions can be converted to
neutrals and positive ions. For example, in tandem accelera-
tors negative ions are accelerated to a given voltage V, and at
the high-voltage terminal are transformed to positive ions by
passage though a stripping foil; thus the resulting positive
ions are effectively accelerated to 2 eV energy by the time
they arrive at the ground potential terminal. Also, injection
and extraction problems of charged particles in circular ac-
celerators can be overcome by using negative ions. For the
production of neutral beams for fusion energy research,
negative ions have become indispensable due to their high
neutralization efficiencies at high energies compared to posi-
tive ions.'"'? It is expected that a 1.3 MeV, 16 A of D" or H'
beam of pulse length of two weeks will be needzd when the
International Thermonuclear Experimental Reactor (ITER)
goes into operation.'’ The currently available H™ beams
(from sources which are variations of volume discharge
sources) fall far short of this goal: 10 A at 50 keV and 0.1 s
pulse length, 0.25 A at 50 keV and 8.6X10* s pulse length
are two examples.'”

.. The possibility of exploiting the observed efficient H™
formation in ArF-excimer-laser-irradiated H, (Ref. 1) in a
new type of ion source is discussed in Sec. IIl A. Such a
source will be able to generate a wide variety of negative
ions (including D™ and O7), since besides H™ formation in
H, we have observed the formation of other negative ions in
several molecular species (e.g., NO) irradiated by UV
lasers, 1415

As pointed out in Sec. [ A, the mechanism of H™ forma-
tion reported in Ref. 1 is also new. In Sec. Il B we will
discuss the possible involvement of this mechanism for H™
formation in currently popular H, discharge sources. It is
generally believed'®!” that dissociative attachment of slow
electrons to vibrationally excited molecules is responsible for
the formation of H™ in a hydrogen discharge; however, re-
cent studies'”'® indicate that the measured number densities
of vibrationally excited H, molecules in such discharges are
not large enough to account for the measured H™ number
densities. It is possible that the new mechanism reported in
Ref. 1 partially contributes to the formation of H™ in hydro-
gen discharge sources.

Il. EXPERIMENTAL VERIFICATION OF H~ FORMATION
A. Photodetachment experiinent

Direct photodetachment studies on H™ ions have been
conducted by Smith and Burch'® which yielded relative cross
sections for the wavelength range of 426—-1301 nm. These
measurements were consistent with theoretical calculations
when normalized to the calculated cross section at 528 nm.
Absolute photodetachment cross sections for H™ in the
wavelength range of 500--1600 nm have been determined by
Popp and Kruse?' using the H™ emission continuum from a
hydrogen arc. These measurements were also consistent with
the theoretical calculations.™

The high-pressure experimental apparatus employed in
the present and in the preliminary experiments on H, (Ref. 1)
was described in detail earlier.'* The experimental setup for
the present photodetachment studies is shown in Fig. 2. The
excimer laser 1 was operated at the ArF line and produced
negative jons in the irradiated region.! These negative ions
and the unattached electrons were directed to the detection
region (located between the bottom two electrodes), through
a grid in the middle electrode, by an applied electric field.!
Since the electron attachment rate constant for the »=0 level
of the ground electronic state of H,—which is the only vi-
brational level populated at room temperature—has a peak
value of only ~107"* cm*s™!? the electron attachment
which occurred outside the ArF-laser-irradiated region was
negligible. Thus, except for the spreading due to space-
charge effects (see Sec. III), the negative ions drifted as a
single pulse (swarm) to the detection region. Helium buffer
gas was mixed with H, in the chamber in order to lower the
effective £/N (E is the applied electric field and N is the
total gas number density), and thus to obtain distinctly sepa-
rated electron and ion components in the signal wave forms
(see Fig. 3 below).

The negative ion swarm was intercepted by the detach-
ing pulse from the excimer laser 2 (see Fig. 2) operating at
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FIG. 2. Schematic diagram of the experimental arrangement employed in
the photodetachment experiments.

the XeCl (308 nm) line. In order to ensure that all negative
ions were intercepted by the detaching laser pulse, (i) the two
laser beams were aligned to overlap, and (ii) the cross sec-
tion of the detaching laser pulse (XeCl) was made larger
compared to the ArF pulse. The geometrical cross sections of
the XeCl and ArF pulses were 0.8X0.3 and 0.6X0.2 cm?,
respectively. The XeCl pulse energy was monitored using a
beam splitter as shown in Fig. 2; the monitored energy was
calibrated with respect to the actual pulse energies in the
interaction region. Two Molectron J-25 probes were em-
ployed for pulse energy monitoring and calibration. Lumon-
ics model TE-860-4 and EX-500 excimer lasers were em-
ployed to provide the ArF and XeCl lines, respectively: the
respective pulse durations were ~10 and ~15 ns. The time
delay between the two laser pulses was varied using a Stan-
ford Research GD 535 delay/pulse generator. The signal
wave forms were recorded with a Nicolet 450 transient digi-
tizer.

Typical signal wave forms are shown in Fig. 3. The
wave form labeled 1 (along a. b, c, d. e, where sections ¢ and
d were hand drawn) shows how the electron and ion signals
due to the ArF laser pulse, fired at =0, would have looked
like in the absence of a detaching pulse. The initial fast rise.
a, in the signal is due to the unattached electrons; the drift
time for electrons is a few us and thus the rise in the signal
is vertical on this ms time scale. The signal of wave form 1
remains at this level (bc) until the negative ions arrive in the
detection region after ~0.35 ms. Then the signal rises slowly
(d) due to the motion of the ions in the detection region. The
detaching XeCl excimer laser pulse was fired ~0.2 ms after
the AsF pulse as shown by the bottom wave form labeled 3;
this was the signal from photodiode 2 of Fig. 2, which moni-
tored the arrival of the XeCl pulse. The wave form labeled 2
(along a, b, f, g, h, €) was the actual signal due to electrons
and negative ions when the ArF and XeCl pulses were fired
with ~0.2 ms delay between them; the additional fast rise in
the wave form (f), coincident with the arrival of the XeCl
pulse in the interaction region, is due to the electrons de-
tached from the negative ions. For the wave form shown in
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FIG. 3. Typical signal wave forms from a photodetachment experiment, for
the experimental parameters indicated in the figure: The ArF Jaser. produc-
ing clectrons and negative ions (indircetly), is fired at £=0. The resulting
wave form would have looked like wave form 1 (the dashed scctions, c.d.
were hand drawn) in the absence of the photodetaching XceCl pulse. The
initial sharp risc (a) is duc to unattached clectrons: V; indicates the magni-
tude of the slow component of the wave form, i.c., the signal due to negative
ions produccd by the ArF pulse. Wave form 2 is the actual signal recorded
with the firing of both lasers, where the sharp jump in signal AV, in syn-
chronization with the XeCl pulse (shown in wave form 3) is duc to the
clectrons released by photodetachment.

Fig. 3, ~40% of the negative ions were detached by the
XeCl pulse.

The number of ions photodetached by a laser pulse 6f
intensity / and duration 7; is given by

nif
[
n

io

7
”::_f nol di, (1

4

where n;, and n;, are the number of negative ions before and
after the firing of the detaching pulse,and o, is the photode-
tachment cross section. From Eq.(1) we have

Nio—Nis

= F

@

=l-e
o
where F=I7,; is the laser fluence.

Since photodetachment occurs before the detection re-
gion (see Fig. 2), the “photodetachment signal” AV, and the
negative ion signal due to ArsF pulse, V; (see Fig. 3), are
proportional to the number of ions photodetached by the
XeCl pulse and the total number of negative ions produced
by the ArF pulse, respectively.
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A plot of In[1/(1—R)] vs F for the data taken at the XeCl
laser line (wavelength=308 nm) is shown in Fig. 4. From the
gradient of the graph, we determined a photodetachment
cross section a4 of (1.7+0.2)x10™"7 cm® in good agreement
with the expected value of ~1.7X107"7 cm.'*~?! In the un-
likely event of having large amounts of O, or water vapor
impurities in the system, O~, O5 , or OH™ may constitute the
negative ion component. Photodetachment cross sections for
those ions at 308 nm are not available, but the measured
cross-section values (for wavelengths longer than 400 nm)
lie in the 107" cm? range.

B. lon mobility measurements

Measurements of the mobilities of ions due to H, in H,
gas have been reported by several groups,B'?‘s and those
results have been summarized.

The present ion mobility measurements were conducted
in the same apparatus that was used for the photodetachment
experiments (see Fig. 2); however, only the excimer laser 1
was needed in the mobility experiments. A light pulse from
this laser produced electrons and positive ions via photoion-
ization of H,. The electrons attached to the excited species
same produced concomitantly by the laser pulse.! By apply-
ing suitably oriented electric fields in the ion production and
detection regions (located between the top two and the bot-
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FIG. 5. A typical signal wave form in the “negative” mode consisting of 2
fast component duc to (unattached) electrons and a slow component due to
ncgative ions. The rounding of the negative ion signal at the edges was
mainly duc to space-charge cffccts; the drift time was defined as the time
between the intersections of the straight line drawn symmetrically on the
rising curve and the initial and final signal levels, as indicated by the arrows.

tom two electrodes, respectively; see Fig. 2), either the nega-
tive ions or the positive ions could be directed to the detec-
tion region. The current due to the motion of the charged
particles in the detection region was integrated using an ex-
ternal RC circuit with RC~5 s; the resulting (linearly) ris-
ing voltage pulse was recorded with a Nicolet model 450
transient digitizer. For the ion mobility experiments the in-
terelectrode gaps in the ion production and ion detection re-
gions were (1.00*0.02) and (2.29%0.03) cm, respectively,
and the diameter of the grid in the middle electrode, through
which the ions were extracted into the detection region, was
~7.6 cm; the chamber was filled with H, (no buffer gas was
used).

A typical signal wave form in the negative mode (i.c.,
the signal due to the unattached electrons and the negative
ions) is shown in Fig. 5. The initial fast risc in the signal is
due to the unattached electrons. The plateau following the
initial rise indicates the time taken by the negative ions to
reach the grid and the subsequent slow rise is due to the
motion of the negative ions in the detection region. It is
important to note that electron attachment occurred only in-
side the laser-irradiated volume; the maximum electron at-
tachment rate constant for the zero vibrational state of the
ground electronic state of H, is only ~107" cm®s™',? and
thus virtually no negative ions would be produced outside
the laser-irradiated volume. The geometrical cross section of
the laser pulse was ~0.1X0.5 cm? and thus the “width” (i.e.,
the dimension along the drift direction) of the ion (and elec-
tron) pulses was ~0.1 cm.

The slow component representing the motion of the
negative ions in Fig. 5 is not a straight line, as would be
expected from a narrow ion pulse. The rounding at the edges
is mainly due to space-charge effects. It must be noted that a
signal level of ~100 mV roughly corresponded to ~10%
ions/cm®. It has been shown?’ that space-charge effects can
be non-negligible even at ion densities of 10° ions/cm®. We
define the drift time 7, as the time interval between the in-
tersections of a straight line drawn symmetrically on the ris-
ing curve with the initial and final signal levels indicated by
the two arrows in Fig. 5. It was found that 7,(£/N) de-
pended on the signal level for a given E/N value. The mea-
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FIG. 6. Mcasured negative ion drift times vs negative ion signals for the five
E/N values indicated in the figure. The space-charge-free drift times were
taken to be the extrapolated valucs at zero signal levels. The E/N is given in
units of Td (=10""7 V cm®).

sured drift times for different negative ion signal strengths
are shown in Fig. 6 for five values of E/N. The dependence
of the drift time on the signal strength is due mainly to
space-charge effects, i.e., due to the local E/N being differ-
ent from the applied E/N value. As can be expected, the
space-charge effects become smaller at larger E/N values
and smaller signal levels. The “‘space-charge-free” drift
times were taken to be the drift times extrapolated to zero
signal levels (see Fig. 6).

The space-charge-free drift times, together with the mea-
sured drift distance of (2.29%0.03) cm in the detection re-
gion were used to calculate the ionic drift velocities. Our
measurements are compared with the published® drift ve-
locities for H™ ions in H, in Table 1.

We also measured the drift velocities of the positive ions
produced, by reversing the applied electric field. The mea-
sured positive ion drift times are shown in Fig. 7 for different
positive ion signal levels. The space-charge effects are ap-
parently smaller for positive ions. The reason for this is not
entirely understood, although it could be rationalized as fol-
Jows: Equal numbers of positive ions and electrons are pro-
duced in the laser-irradiated volume in the interaction region
and a fraction of the electrons are converted to negative ions.
The electrons come out of this plasma very quickly, and
therefore there is a charge imbalance in the plasma (i.e., the
laser-irradiated volume) before the positive and negative ions
begin to move in opposite directions. As the positive and
negative ions start to separate,the positive charges “hold
back” the departing negative ions, making the negative ion
pulse broader. This effect will be larger at smaller applied
electric fields comparable to space-charge fields due to posi-
tive ions. On the other hand, such an effect on the positive

50 J. Appl. Phys., Vol. 76, No. 1, 1 July 1994

TABLE 1. Comparison of the drift velocitics measured for negative ions in
purc H, in the present experiments with the published values for H™ jons in
H,.

Negative ion drift velocity (10° ems™")

Present
H™ (Ref. 26) measurements
E/N (Td) {Total crror: =3%) (Total error: *7%) Difference”
20 227 22.7 0%
30 33.0 323 2%
40 42.7 409 —4%
50 520 53.9 +4%
60 0.9 66.6 +9%

“Percent difference between our measurements and the published values (see
Ref. 26) for H' ions.

ions by the negative ions will be smaller, since the negative
ion density is smaller.

The present positive ion drift velocities are compared
with the published™® drift velocities for Hj ions in H, gas in
Table 11. It must be noted that virtually all the H3 ions pro-
duced via photoionization in the ion production region are
converted to HJ ions via ion-molecule reactions before they
arrive in the detection region. The reaction

H; +H.—Hj +H (5)

- - >
has a cross section of ~107'* cm>.*®

It can be seen from Tables I and II that the present mea-
sured values of the drift velocities of negative and positive
ions are within a few percent of the published values for H™
and H7 ions; also see Fig. 8. This confirms that the negative
ions produced via ArF laser irradiation of H, gas are indeed
H™ ions. Any other negative ion certainly would have drift
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FIG. 7. Measured positive ion drift times vs positive ion signals for the five
E/N values indicated in the figure. The space-charge-frec drift times were
taken to be the drift times extrapolated to zero signal levels. The E/N is
given in units of Td (=10""" V em?).
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TABLE II. Comparison of the drift velocities measured for positi\}c ions in
pure H, in the present experiments with the published values for Hj ions in
H,.

Positive ion drift velocity (10* cms™)

Present
H; (Ref. 26) measurements
E/N (Td) (Total error: +2%) (Total error: *7%) Diffcreace®
20 6.07 64 +5%
30 9.11 9.6 +5%
40 123 134 +9%
50 15.7 16.8 +7%
60 19.5 19.9 +2%

*Percent difference between our
Ref. 26) for Hy ions.

and the published values (scc

velocities lower than the measured values and the differences
would have been more than 10%. For example, one can rule
out the impurity ions O, O3, and OH" although the drift
velocities of these ions in H, are not available. This can be
done by noting that the drift velocities of O, Oz , and OH™
ions (Ref. 26) in He at E/N=10 Td (1 Td= 1077V em? 2y are
7.12, 5.67, and 6.48x10* cm s™!, respectively, compared to
the value of 9.86X10* cms™' for H™ ions in He; the differ-
ences are more than 40%.

C. Lasing in Al following photoionization and charge
neutralization in the presence of H,

Kielkopf had reportedx observation of lasing in Al at the
3s4s °S,,,-353p P, transition following ArF-excimer-
laser irradiation of Al in the presence of H, or D,. Aluminum
was shown® to be efficiently ionized by the ArF laser radia-
tion: In addition to the photoionization of the outer electron,
there is resonant inner-shell excitation (3s3p- 3p ) followed
by autoionization. Thus, it had been pointed out” that charge
neutralization of Al™ by electrons or H™(D™) could be the
mechanism for the efficient formation of the Al (3545 S,,)
state and thus the creation of a population inversion with
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FIG. 8. Published values (Ref. 26) and the present measurements for the
drift velocitics of the Hy and the H™ ions in H, as a function of the £/N
valuc. From the straight lincs drawn through the origin and thc prcc,cnt data,
we calculate a thcrmal rcduced mobility™ K, of ~12.3 cm” vt ! for Hy
ions and ~40.3 cm® V™'s™! for H™ ions.
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respect to the ground 3s3p 2P3,2 state. Following our pre-
liminary studies' on H~ formation in ArF-laser-irradiated
H,, additional experiments were conducted which
confirmed’ that the neutralization agent was indeed H™ (D7)
formed efficiently via the mechanism of Ref. 1. For example,
the laser emission in Al could be extinguished by destroying
the H™ ions via photodetachment by a Nd:YAG laser.’

To summarize, we have three independent sources of
information that confirm the formation of H™ ions in ArF-
laser-irradiated H,: (i) the photodetachment cross section
measurement at 308 nm (Sec. H A); (ii) the ion mobility
measurements (Sec. II B); and (iii) the observation of lasing
in ArF-laser-irradiated Al in the presence of H, where the
lasing state has been shown®® to be populated via charge
neutralization of Ar* by H™. Furthermore, the electron at-
tachment rate constant involved is >107% cm® ™!, and large
H~ ion densities are produced via this mechanism.

{ll. IMPLICATIONS FOR NEGATIVE ION (AND
NEUTRAL) BEAM TECHNOLOGIES

A. Possible new type of negative ion and neutral
beam source

The observed efficient H™ formation in ArF-excimer-
laser-irradiated H, points to the possibility that this scheme
can be used in a new type of a H™ ion source. Furthermore,
we have observed efficient formation of negative ions in UV-
laser-irradiated saturated tertiary amines,' nitric oxide,'?
deuterium (D~ formation in ArF-excimer-laser-irradiated D,
is qualitatively similar to H™ formation in H,), and a few
other gases that are currently being studied. Therefore, by
utilizing different gases (and laser lines), it may be possible
to generate different kinds of negative ions such as H™, D™,
07, and so on.” Since negative ion beams can be easily
converted to neutrals, neutral beams can also be generated.

Based on our studies of electron attachment to electroni-
cally excited molecules,'*!% we believe that efficient elec-
tron attachment to a molecule excited to energies above its
ionization threshold can be expected when (i) the efficiency
for direct ionization is <1 (i.e., SES are populated), and (ii)
at least one of the possible molecular fragments has a posi-
tive electron affinity. Since the attaching electrons are pro-
duced by the same laser pulse, it is also necessary to have
sufficient number of electrons produced via either direct ion-
ization or preionization of SES.' Normally, we choose a
laser line which yields sufficient ionization for a given gas;
as long as the total excitation energy lies within a few eV of
the ionization threshold, condition (i) above is satisfied.
However, regarding our basic measurements, two points
need to be clarified: (a) The attaching electrons are produced
via photoionization by the same laser pulse that produces the
electron attaching excited molecules; hence, at high laser in-
tensities the formation of negative ions is limited by the
available electrons (see Fig. 1); (b) The closer the energy of
the populated SES to the ionization threshold, the more effi-
cient is the electron attachment [this is related to (i) above].
Depending on the nature of the multiphoton process (order of
the process, whether or not any real intermediate states are
involved) needed to excite the molecules to energies above
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their ionization thresholds, we have observed negative ion
formation at laser intensity levels ranging from 10% to 102
photons/cm? s~ "%!5 From the molecules we have studied
so far, only N, did not yield negative ions,' which is consis-
tent with (ii) above since the electron affinity of the N atom
is negative, i.e., it cannot bind an electron (in its ground
state).

In the studies we have conducted to date on electron
attachment to electronically excited molecules, we routinely
obtained negative ion densities of 10° ions/cm® without any
attempts of optimization; this number density corresponds to
a signal level of 1000 mV in Fig. 1. (In fact, in these studies
we deliberately keep the signal level small in order to avoid
saturation of the preamplifier.) For comparison, the H™ den-
sity in a H, discharge source is ~10'" ions/cm®3® We also
note that with the present mechanism the negative ion for-
mation at high laser intensities is limited by the number of
electrons (available for attachment) provided via laser photo-
ionization; if VyxI" then V,«/*" (for the data of Fig. 1,
n=2), and hence the ion signal V; rises faster than the pre-
cursor electron signal (xV;) due to photoionization. Thus,
larger negative ion signals may be obtained simply by mak-
ing more electrons available for attachment; for example,
additional electrons may be provided by a heated filament
located close to the laser interaction region.

Since D™ ion beams have a special significance for fu-
sion energy research, let us take a closer look at D™ forma-
tion via ArF-laser-irradiated D,. While photoionization of H,
via (2+1) REMPI at the ArF laser line has been studied
extensively (see the references in Ref. 1), such studies on D,
have not been conducted to our knowledge. The /=0, 1, 2,
3, and 4 levels of the v=0 state of the ground X '3 ; state of
D, are populated at 300 K with relative abundancies of 1.0,
2.6, 2.4, 1.4, and 0.6. The rotational energies of the J=1, 2,
3, and 4 states with respect to the J =0 state are 60.9, 182.7,
365.3, and 608.9 cm ™', respectively; the energies of the rovi-
brational states of the E, F ’E; state of D, are given in
Refs. 31 and 32. The two-photon energies of the free-running
ArF laser used in our experiments lie in the range of
~103200 to ~103 600 cm™'. Therefore, Q(3) and Q(4)
transitions and several O and S transitions to the E,F 'S ; ,
v=8 (v =5) level of D, should occur. Even though the outer
F well is not directly accessible via Franck—Condon transi-
tions, due to the significant tunneling between the inner and
outer wells close to the top of the barrier,>* such transitions
do occur, but are somewhat weaker™ than transitions to the
inner E well; on the other hand, photoionization from the
outer F well is more efficient.> In our experiments, the
photoionization signal in D, was ~10 times smaller (and
hence the D™ signal at high laser intensities was proportion-
ally smaller) compared to H,. Furthermore, in the experi-
ments of Kielkopf,® Al emission via charge neutralization of
Al"* with D™ (produced via ArF-laser-irradiated D,) has been
observed with somewhat smaller efficiency compared to the
Al emission when D, was replaced by H, (also see Ref. 9).

We also note that it is possible to tune the ArF laser
emission in the range from ~192.6 to ~194.2 nm (with a
linewidth of ~0.1 nm) using an intracavity prism® or an
oscillator/amplifier configuration (commercially  avail-
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able) and thus to obtain two photon energies in the range
~103 000 to ~103 800 cm ™. Thus, it is possible to induce
individual Q(1) through Q(4) transitions to the E,F 'S
(v=8) level or Q(4) transition to the E,F '3 (v=9) level.
Thus, larger ionization signals should be possible with a tun-
able ArF laser especially via the Q(1) and Q(2) transitions
to the E,F state.

The importance of negative ion beams in fusion energy
research and in particle accelerators was pointed out in Sec.
L. Traditionally, positive ion beams have been used for many
other ion beam applications, %63 including semiconductor
material doping, surface modification (rate of ware, friction,
lubrication) by ion implantation, ion-beam lithography, and
as probe beams for material analysis (mass spectrometry and
surface analysis). This has been mainly due to the availabil-
ity of comparatively intense positive ion beams. However,
judging by the number density of negative ions we routinely
encounter in our studies on electron attachment to laser-
irradiated gases,"'*!5 it is likely that intense negative ion
beams can be produced by the proposed method. Addition-
ally, negative ion beams may have some advantages over
positive ion beams in certain applications. For example,
negative ion beams could be used advantageously to mini-
mize surface charging effects in ion implantation of
insulators.* Also, positive ion beams of energy 2 eV can be
obtained by accelerating negative ion beams to a voltage V
and stripping two electrons from each negative ion at the
high-voltage terminal, as in tandem accelerators;'? thus, even
for applications which may require positive ion beams, start-
ing off with a negative ion beam doubles the beam energy.

For ion source applications, the crucial parameters are
the ion beam intensity and the ion energy spread. Thus, even
though the basic measurements™!*!> of negative ion forma-
tion are encouraging, it is important to determine the inten-
sities and intrinsic energy spread of ion beams extracted
from the laser plasma, prior to considering practical applica-
tions for this scheme. In this regard, we are planning to ex-
tract 2 H™ beam from the ArF-laser-irradiated H,, and to
measure the H™ beam intensity and energy spread.If the out-
come is favorable, this mechanism will provide a versatile
ion source capable of providing a wide variety of ion beams
[for example, O~ ions can be produced via laser irradiation
of NO (Ref. 15)]. The main disadvantage of such a source
will be the cost of a laser system.

It must be noted that there does not exist a one-to-one
correspondence between the duration of an ion pulse ex-
tracted from this type of a source to the duration of the laser
pulse that created the ions. In ion sources electric fields in the
source region are minimized in order to avoid beam energy
spread; the ions are directed toward the extraction aperture
by a magnetic field, and they drift essentially with thermal
velocities. Taking an ion velocity of ~10% cm s™! and an ion
source length of 10 cm, the “ion pulse” due to a given laser
pulse will be ~1 ms long. Since commercial excimer lasers
with 500 Hz repetition rate are available, a continuous ion
beam may be possible with a single laser; otherwise, two or
more lasers operating out of phase with each other may have
to be used.
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B. Possible new electron attachment mechanism for
hydrogen discharge sources

Currently there is considerable activity on a H™ volume
source (hydrogen discharge)''*!? due to its possible appli-
cation in a neutral beam injector for fusion energy research.
The efficient production of H™ ions in a hydrogen discharge
is not yet fully understood, but is generally attributed to the
attachment of slow electrons to high-vibrational (HV) states
of H, produced directly or indirectly via electron impact. The
other mechanisms that have been considered up to now are:
(i) electron attachment to the metastable ¢ 3l'l,, state; (ii) dis-
sociative recombination of electrons with Hj ions that are
abundant in a hydrogen discharge; and (iii) polar dissociation
of highly excited H, (ion-pair formation). These three pro-
cesses have been shown'® to yield H™ ions with a lower
efficiency than electron attachment to the HV states of H,.
Furthermore, the measured H™ densities in discharge sources
seem to be larger than the values expected from model cal-
culations based on electron attachment to HV states.'™'

As discussed in Sec. I, our observation on efficient H™
formation in ArF-excimer-laser-irradiated H, cannot be ex-
plained by electron attachment to HV states that may be
indirectly populated under our experimental conditions; the
other possible mechanisms discussed in the above paragraph
were also ruled out.! Also, it was shown that the electron
attachment rate constant corresponding to the H™ formation
in ArF-laser-irradiated H, was orders of magnitude larger
than the rate constants associaied with any of these pro-
cesses. The experimental observations were shown to be
consistent with electron attachment to SES of H, or some
other electron attaching species produced indirectly via the
SES.! In the following we discuss the possible contribution
of such a mechanism to the H™ formation in a H, discharge
source.

Direct electron attachment to the SES of H, populated
via electron impact in a discharge source is less likely due to
(i) the smaller number densities of SES populated, and (ii)
the sub-ns lifetimes expected for SES. Another possibility
discussed in Ref. 1 was the long-lived, highly excited Ryd-
berg (HR) states of H, populated via collisional stabilization
of SES. In a hydrogen discharge, such HR states can be
populated directly via electron impact; H, (HR) states pro-
duced via electron impact have been observed with lifetimes
of ~100 us (Ref. 40) at background pressures of ~107% Pa.
Such long-lived HR states are thought to be high orbital
angular momentum (high-/) states produced via electron im-
pact at near threshold energies.**!

Since the gas pressure in a hydrogen discharge source is
~1 Pa, one needs to consider possible quenching of such HR
states prior to electron attachment. It has been shown*” that
for quenching of Rydberg atoms by neutrals, the quenching
cross section initially increases with the increasing of the
principal quantum number n of the Rydberg state, but it
starts decreasing at high n, where the excited electron is
essentially “free;” also, the quenching efficiency by rare gas
atoms and quadrupolar molecules such as H, and N, is much
smaller compared to that by polar molecules. It is thus quite
possible that the HR states of H, live long enough in a hy-
drogen discharge for electron attachment to occur, especially
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since electron attachment to such states is likely to be very
efficient, and thus the electron attachment time to be small.
-- .In view of this evidence, the need for a reexamination of
the processes responsible for the observed efficient H™ for-
mation in hydrogen discharges is indicated.

IV. CONCLUSIONS

Efficient H™ formation in ArF-excimer-laser-irradiated
H, (Ref. 1) was confirmed by photodetachment and ion mo-
bility measurements.

Based on the mechanisms for the H™ formation in ArF-
laser-irradiated H,,' it was pointed out that electron attach-
ment to high-lying electronically excited states of H, (popu-
lated via electron impact) could be a significant channel for
H~ formation in hydrogen discharge sources.

A new type of negative ion source capable of generating
a variety of negative ion (and neutral particle) beams was
proposed based on the observed efficient negative ion forma-
tion in laser-irradiated H, (Ref. 1) and other gases, '+
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4.2. Photodetachment of CF, in the Gaseous Phase; Effect of Medium on Photodetachment

In an effort to understand and to quantify the role of photodetachment in gas dielectric behavior
we have modified further the method we developed earlier for the study of photodetachment in
dielectric liquids so that similar studies can be made in the gaseous phase. This was a rather
involved process, but the new method is an important tool in these studies. We used the new
method to make absolute measurements of the cross section of laser photodetachment of CF,
ions embedded in gaseous tetramethylsilane (TMS). These measurements were considered
essential since they would allow a comparison of the results at low densities with similar
measurements made earlier by us in nonpolar liquids, and with measurements made by others in

clusters and solids.

The measurements indicate that the photodetachment cross seétion of C¢F, in gaseous TMS is
about three times larger than in liquid TMS. This is rationalized by considering the effect of the
medium on both the photoabsorption and the aﬁtodetachment process. The photoabsorption cross -
section in both the gas and the liquid exhibits (at least) two maxima due to autodetaching negative
ion states. We argued that these are dueto 6™ © transitions in C,F,. The relative positions of
these "superexcited" anionic states did not change appreciably in going from the gas to the liquid
and the solid indicating similar influences of the medium on them. As expected, the
photodetachment threshold in the condensed phase is shifted to higher energies compared to the
gaseous phase. The shift is consistent with recent photoelectron studies of photodetachment of
C.F, clusters. These measurements clearly show that the potodetachment from negative ions
embedded in all states of matter proceeds directly or indirectly via negative ion states and that for
nonpolar media the effect of the medium can be accounted for by considering the macroscopic
properties of the medium described by its dielectric constant or the refractive index of the

medium.

A full account of these unique studies has been published and below we reproduce the pertinent

publication (pages 20-34).
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We have made absolute cross section measurements of laser photodetachment of C¢Fg ions
embedded in gaseous tetramethylsilane (TMS) and compared the results at low gas densities with
measurements in nonpolar liquids and solids. The measurements indicate that the photodetachment
cross section of C¢F¢ in gaseous TMS is about three times larger than in liquid TMS. This is
rationalized by considering the effect of the medium on both the photoabsorption and the
autodetachment processes. The photodetachment cross section in both the gas and the liquid exhibits
(at Jeast) two maxima due to autodetaching negative ion states. It is argued that these are due to
- 0*—0* transitions in CgFg . The relative positions of these “‘superexcited” anionic states did not
change appreciably in going from the gas to the liquid and the solid, indicating similar influences of
the medium on them. As expected, the photodetachment threshold in the condensed phase is shifted
to higher energies compared to the gaseous phase. This shift is consistent with recent photoelectron
studies of photodetachment of CcFg clusters. The present study clearly shows that the
photodetachment from negative ions embedded in all states of matter proceeds directly or indirectly
via negative ion autodetaching states, and that for nonpolar media, the effect of the medium can be
accounted for by considering the macroscopic properties of the medium described by its dielectric

constant € and refractive index n.

I. INTRODUCTION

There have been a number of studies recently aiming at
linking the gaseous and condensed phases of matter.! A fun-
damental component of this effort to interface the phases of
matter is the study of the interactions of slow electrons and
photons in the gaseous and the condensed phases and in the
interphase region between the phases that includes the be-
havior of slow electrons in low- and high-pressure gases and
in clusters." At our laboratory, we conducted over a period
of many years interphase studies on electron attachment,>~>
electron drift,*~® and photoionization.>®~!% We also studied
the photodetachment of C¢Fg in liquid TMS (Ref. 11).

In an effort to understand the effect of the medium and
the state of matter on the process of photodetachment, we
have measured the photodetachment cross section of C¢Fg in
gaseous TMS. These measurements are reported in this paper
and the energetics of the process as well as the structure and
absolute magnitude of the measured cross section are com-
pared with those in nonpolar liquids.''~'* The energetics of
the photodetachment process in all phases of matter''~'® and
in C4F5 clusters' are discussed, and so is the structure ob-
served in the photodetachment cross section of C¢Fg embed-
ded in a gaseous or a liquid''~'* medium and the structure in
the photoabsorption cross section of C¢Fg embedded in a
liquid'>" or a solid (glass)'®"'® medium. The findings on
CyFs are compared with those on O5 in gases?®2* and in
nonpolar liquids*'>®% and aromatic anions in nonpolar
liquids. 2"

Hexafluorobenzene (C¢F¢) attaches near-zero energy
electrons very strongly in all phases of matter. The rate con-

*University of Virginia Health Sciences Center, Charlottesville, VA 22908.
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stant for electron attachment is 1.2X10' M™'s™! ia liquid

tetramethylsilane (TMS) and 5.6X10"> M™' "‘ m liquid
isooctane'> M™!s7'=1.66x10"2' cm® molecule s7H. In
both the liquid'® and the solid,'™'® it has been established
that electron attachment is due to the formation o* C¢Fy .

In the gaseous phase, the C¢Fg molecule has been stud-
ied rather well with regard to its electron attachment, detach-
ment, and scattering properties. Thus, electron swarm studies
have shown that C¢Fg attaches slow electrons (<1.5 eV) very
efficiently.”®~32 At room temperature (~300 K), the thermai
electron  attachment rate constant is  1X107’
cm® molecule ™! s™! (Refs. 29-31). The apparent electron at-
tachment rate constant below ~1 eV decreases with increas-
ing gas temperature T (see Refs. 31 and 33-36) and this has
been shown to be due to thermally enhanced
autodetachment. > Mass spectrometric studies have shown
that at near thermal energies, the parent anion C¢Fg is the
only anion formed upon electron collision®*~* and time-of-
flight mass spectroscopic studies have determined the auto-
detachment lifetime of the isolated C¢Fg * to be ~12 us
Fragment anions (F~, CsF;, and C¢F5) were observed*' at
energies =4 eV, but besides the ~0.0 eV C¢Fg resonance, no
other electron attachment resonances were found below 4 eV,
although peaks due to dissociative electron attachment pro-
cesses of the form M+e—s(M-H +H or ~
M + e—(M -HF)™ + HF (M =molecular mass) were found in
the energy range ~1.8-2.5 eV for some of the multiply flu-
orinated benzenes.*' [The dissociation energy D(C¢Fs—F) is
~5.5 eV (Refs. 32 and 43)].

The findings of electron attachment studies referred to in
the preceding paragraph are consistent with those of electron
scattering. Thus, low-energy electron transmission studies™
have shown the existence of three negative ion states below

© 1994 American Institute of Physics
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FIG. 1. A schematic diagram of the two-laser photod

~5 eV. The first two are degenerate and are located at ~0.4
eV and the third one is located at 4.5 eV. These negative ion
states are associated with electron capture into the lowest
three w§, #¥, and ¢ empty w orbitals of C¢Fe. The CsFg
molecule is planar and, as benzene, has a D¢, symmetry.
However, C¢F; is thought to be nonplanar and to have a
puckered-ring structure ¥

The negative ion state responsible for the formation of
the long-lived CgFg * at ~0.0 eV involves electron capture
into a o* orbital (or a combination of o* and #* orbitals)
(see Refs. 14 and 45-50); the lowest o™ symmetry e}, Of €,
is still in question.”® The electron affinity E.A. of C¢Fg has
been reported to be between 0.52 and >1.8 eV (see Refs. 32
and 51), although the more recent measurements cluster
around 0.8 eV [0.8620.03 (Ref. 32); 0.8320.2 (Ref. 52);
0.8+0.1 (Ref. 19); 0.603 (Ref. 38); 0.52 (Ref. 53)].

il. PHOTODETACHMENT OF C¢Fg IN GASEOUS TMS
A. Experimental method

The experimental method used in the present studies is
similar to that described earlier.!" A schematic of the experi-
mental arrangement employed is shown in Fig. 1. The cell
consisted of a six-way stainless-steel cube with two windows
and electrical feedthroughs at opposite sides. The two paral-
fel electrodes had a gridded circular area and were held at a
distance d of 0.7 cm. The cell was filled with small quantities
of C¢F¢ gas in a buffer gas of tetramethylsilane (TMS). The
TMS gas number density Ny was varied from 1.77X 10" to
1.87X 10" molecules cm ™ and the CgF,, gas number density
N, was varied from 1.94X 10" t0 9.1X 10" molecules cm™,
An excimé: laser beam [A=308 nm; full width at half-
maximum (FWHM) ~15X107° s] enters the cell through a
circular aperture (2a=0.508 cm in diameter) and produces
an electron swarm photoelectrically from the gridded part of

hment techni

the cathode electrode. The electrons in the swarm move to-
wards the anode under the influence of an externally applied
electric field and are totally depleted at distances z<d/2,
forming parent C¢Fg anions via

™S
e+C6F6_'C6F6—* —-———-stF;. (l)
A second, counterpropagating laser beam

(FWHM~6X 1070 s) from the tunable dye laser enters the
cell coaxially and with a time delay of ~3.5%107¢ s from
the first laser pulse. Photons from this second tunable dye-
laser beam with energies in excess of the photodetachment
threshold £y, photodetach the parent negative ions, giving
rise to a photodetached electron swarm. As this electron
swarm moves towards the anode, electrons are depleted
again by forming C4Fg anions which are finally collected at
the anode electrode.

The circular aperture with diameter 2a allowed a prac-
tically constant (flat) intensity profile [7,(r)=constant, with
r being the radial direction along a plane paralle! to that of
the aperture] of the excimer laser beam to strike the gridded
cathode thus producing an electron swarm with a number
density which is constant across r and proportional in mag-
nitude to the excimer laser intensity, ie.,
n(r,z=0)=Al (r)=constant. These electrons are depleted
by attaching to C¢F, molecuies. The electron number density
n,(r,z) and the negative ion number density n/(r,z) for
times ¢ less than the electron drift time 7, (100<t,<200 ns)
are described by

n(r.z)=Al(r)e” ™,

2)

nr.z)=AlL(r)(1—e” T), 3
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where 7 is the electron attachment coefficient of C¢Fg. Un-
der our experimental conditions and for the concentrations of
C¢F¢ used, the electrons are depleted entirely within times
t=<t/2 or for distances z=z,<d/2.

The dye-laser beam which had a Gaussian intensity pro-
file 1,(r) with a spatial opening less than 2a enters the in-
teraction region between the two electrodes ~3.5X107% s
after the excimer laser and well after all of the electrons were
attached, i.e., at t>1, . For photon energies hv=E>E,, this
gives rise to photodetached electrons. Under the conditions
that the photodetached electron number density n4(r,z) is
much smaller than the negative ion number density n,(r,z),
n(r,z) is given by

ne(r.z)=opg(E)n(r,2)l (), 4)

where g4(E) is the photodetachment cross section and [ 4(r)
is the number of photons per unit area per dye-laser pulse.
The total number N4 of photodetached electrons is then ob-
tained by integrating over the interaction volume between
the two circular electrodes

29 {27 fa
f j j n(r.z)r dr d@ dz
0 Jo 1}

£ 27 fa
= f ° f f O EVni(r.2)(r)r dr d8 dz, )
0 1] 0
az 27 fa
27 = Ng= apd(E)NiJ’ f 14(r)r dr d@, 6)
2 o Jo
Neg= 0 ENI/ma?, ™

where N; is the initial number of negative ions (equal to the
initial number of photoelectrons N,) and I, is the total num-
ber of electron detaching photons that enter the interaction
region, i.e., the volume defined by the gridded part of the two
circular electrodes. From Eq. (7), the photodetachment cross
section can be determined as
E) Ned ﬂ'az 8
oWl E)= ®
i.e., from a measurement of the ratio N 4/N; [see Fig. 2(A)]
and the total number of photons I, in the dye-laser pulse
since the area wa? is known (=0.203 cm?).

As the electrons produced by the excimer laser pulse
from the cathode electrode drift towards the anode, their mo-
tion induces a transient voltage in the anode electrode which
is detected as a fast initial drop in the measured voltage
waveform [see Fig. 2(A)). This drop stops when all of the
electrons have been attached to C¢Fg. The magnitude of the
voltage drop is proportional to the number of electrons N, in
the gap, which is the same as the total number of ions N;
formed. The slowly changing (dropping) portion of the
waveform is due to the slow motion of the C¢Fg anions for
which the drift time is of the order of 107> s. The second
light pulse from the tunable dye-laser illuminates the nega-
tive ions present in the gap and detaches electrons (whenever
hv>E,) inducing a second fast drop in the voltage wave-
form, but smaller in magnitude than the initial one, followed
by yet another slowly changing portion of the total voltage

waveform when all of the detached electrons were captured
again. From such waveforms, the ratio N¢/N; is measured
and used in the determination of o,4(E).

The present technique, although similar to that used ear-
lier to measure o4(E) of CgFg in liquid TMS (Ref. 11)
differs in the way the initial electron swarm is produced. In
the present arrangement [Fig. 2(B)}, the electron swarm is
produced monophotonically from a gridded cathode, while in
the earlier arrangement [Fig. 2(C)], it is produced biphotoni-
cally from two-photon ionization of the medium. In the
present technique, the electrons drift towards the anode elec-
trode along the laser beam axis and always remain within the
interaction volume; in the earlier technique." the electrons
drift laterally to the laser beam axis, and depending on their
drift velocity, attachment rate and time delay between the
excimer and dye-laser pulses can move outside the interac-
tion volume [Fig. 2(C)] and so care must be taken for them
to attach very quickly (within <1077 s).

In the present studies, the ratio N/N; was kept small
(<0.04), and for the dye-laser intensities used, it had a linear
dependence on I, (Fig. 3). All the measurements were made
at a temperature 7=300 K. The E/N values ranged between
23%107' and 4.6X107'® V cm? and the applied voltage
was varied from 3000 to 6000 V. The induced voltage signals
were fed directly in the 1 MQ input of a LeCroy 9420 digi-
tizer. The signal due to the motion of the initially produced
photoelectrons was typically between 20 and 30 mV and that
due to the photodetached electrons was between 100 and 700

'A'A

B. Resuits

The photodetachment cross section for C¢Fg as a func-
tion of the photon energy E=hv measured as described in
Sec. II A is shown in Fig. 4. The error of the measurements
varies from 5% to 10% depending on the wavelength; it
comes principally from the measurement of /,. The cross
section has two maxima at 2.31 and 3.03 eV and possibly a
third one at ~3.5 eV. Unfortunately, we could not extend our
measurements to shorter wavelengths to better identify the
position of the third maximum. We were also limited by low
signal levels in making measurements at photon energies be-
low 1.39 eV. Thus, we were unable to determine accurately a
threshold value for C¢Fg photodetachment. However, we
plotted the experimental measurements at the lower photon
energies employed as (opd/E)m vs E (see Sec. IIC) and
from linear least squares fits over various ranges we deter-
mined threshold energies that varied from 0.56 to 0.83 eV
(see Table I). Clearly, while more measurements closer to the
threshold are needed to determine accurately the threshold
energy, the intercept of 0.83 eV obtained for the fit of the
data in the lowest energy range is consistent with the ac-
cepted value of the electron affinity of C¢F¢ (Sec. ).

C. Discussion
1. Direct vs indirect photodetachment

In the discussion that follows, we shall assume that in all
the photodetachment and photoabsorption studies of C¢Fg
under consideration, the C¢Fg ion is in the ground electronic
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FIG. 2. Schematics of the two-laser photodetachment technique illustrating (A) the spatial profiles of the excimer and tunable dye-laser pulses and typical
induced voltage waveforms. The time scale is as follows: ~50-100 ns between the excimer laser pulse (point 0) and the complete depletion of the
photoelectrons (point 1); ~3.5 us between the excimer laser pulse (point 0) and the dye-laser pulsc (point 2). The photoclectron signal was between 20 and
30 mV and the photodetached electron signal was between 100 to 700 uV; (B) the g y of the p hnique used to measure a'f,,(E) for C¢Fg in
gaseous TMS; and (C) the geometry of the technique used earlier to measure c"l,,(E) for C,F in liquid TMS.

state prior to photodetachment independently of the state of
the medium in which it is embedded. This is because both in
the gaseous and the condensed-phase studies under consid-
eration, the conditions are such that the time between colli-
sions of C¢Fg * and the molecules of the medium are much
shorter than the autodetachment lifetime of the isolated
CoF *.

In analogy to the photoionization of a neutral molecule
in a low-pressure gas, we can distinguish between direct
transitions to the continuum, viz.,

d
“pa
CeFe +hv ——— CFe+e ©)

and indirect transitions to the continuum via a superexcited
state of the anion (i.e., an electronic state which lies above
the photodetachment threshold), viz.,

Pa, dissociation (e-g.. CFy + F') (108)
' /
. “re P
CoFy + by —2 CF) ——m CF e (10b)
N~
CF/ (100

Processes (10a), (10b), and (10c) are, respectively, anionic
dissociation, indirect photodetachment, and quenching (i.e.,
radiationless conversion of C¢Fg * to lower-energy states) of
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FIG. 3. The ratio Ny/N, for C,F; in gascous TMS as a function of the intensity of the electron detaching laser pulse (at A=500 nm).

C¢Fg * with respective probabilities p g, p;d. and p,,. Pro-
cess (10d) can be thought of as geminate attachment and is
unlikely to occur in gases; its probability is small even in
liquids.'”“ If we take p,,=0, we can write for the overall
photodetachment cross section at a particular photon energy
E=hv,

. . p
= d -+ 4 = d ¢ _—_— pd
(rPd(E) Upd(E) (rpd(E) O'Pa(E)+crp=(E) i .

=04 (E)+ oL (E)R(E). (1)

In Eg. (11), the cross section orgd for direct photodetachment
[process (9)] is equal to the cross section a‘;a for direct pho-
toabsorption, and the cross section of,d for indirect photode-
tachment is less than the cross section o7, for indirect pho-
toabsorption by a factor R. If we take the dissociation energy
D(C¢Fs—F)=5.5 eV and the electron affinity of the fluorine
atom E.A ;(F)=3.45 eV (see Ref. 51), we see that the dis-
sociation of C¢Fg * into C¢Fs+F~ requires a minimum en-
ergy of E.A.(CFg)+D(CFs—F)—E.A(F)=0.86+5.5
—3.45=2.9 eV. Thus, we expect pg; to be small. Further-
more, from studies of the dependence of the autodetachment
frequency 7 ' of C¢Fg on the temperature T (and thus on the
internal energy of the anion {e);,,),”® one can infer that £ ' is
>10" 57! at {€);,,=2.0 eV. For the number densities of TMS
employed in the present gaseous experiment, we estimate
that the mean time 7. between collisions of C¢Fg * and TMS
molecules is ~107' s. Therefore, the autodetachment time

of C¢Fg * (E=2 eV) in the present experiments is very much
smaller than 7. and we may take p,—0. In Eq. (11), then
R—1 and

O E)= 0% E)+ 0oy E)= 00(E) + 0 (E) = 0(E), (12)

i.e., in the gaseous phase, the measured photodetachment
cross section 0p4(E) is equal to the total photoabsorption
Cross section crp,(E). The photodetachment cross section in
Fig. 4 should, then, be identical with the photoabsorption
cross section in the gaseous phase. No measurements of the
latter are at present available (see, however, the discussion in
Sec. I1).

2. The structure of o, E) and the excited states of
CeFs

To understand the observed structure in opd(E), we need
to refer to the knowledge we summarized in the Introduction
with regard to the structure of C¢Fg and CgFg , and the nega-
tive ion states of C¢F¢ as they are observed by the various
methods. Clearly, electron attachment studies have shown
the existence of a resonance at ~0.0 eV due to long-lived
CoFg * which is probably a ¢* resonance located at ~—0.8
eV (see Fig. 5 and Table II). Besides this resonance, electron
attachment and electron transmission studies revealed 7*
negative ion states at ~0.4 and ~4.5 eV (Fig. 5). Interest-
ingly, no negative ion states of C¢F¢ were detected by the use
of these methods in the energy region between 4.5 eV (the
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position of the 7¥ resonance) and 0.4 eV (the position of the
73 s degenerate resonances). However, calculations®>*® on
and electron transmission studies®’>® of a number of substi-
tuted benzenes (e.g., chlorobenzenes. dihalobenzenes, and
benzene thioderivatives) uncovered a number of o* reso-
nances halfway between the energy position of the w7 and
a5 ¢ Negative ion resonances. Also, dissociative electron at-
tachment studies on multiply substituted fluorobenzenes
showed*!' the existence of resonances in the energy range
~1.8-~25 eV due to reactions of the form
M+e—(M-H)"+H and for some of the fluorobenzenes,
due to reactions of the form M +e—(M—-HF)™ +F (M is the
molecular mass). However, no such reactions were reported
for C¢F¢. From the results of these studies, therefore, it can
be inferred that o* states of C¢Fg are not “‘seen” in electron
transmission experiments or in dissociative electron attach-
ment studies.

If we consider the positions of the peaks in op4(£) in
Fig. 4 (see also Table II) and the fact that these represent
transition energies from the ground state of C¢Fg to the ex-
cited states of C¢Fg , we can conclude that besides the 7*
negative ion states “‘seen” in electron transmission experi-
ments, there exist two (and possibly three) negative ion
states of C¢Fg located at ~1.6 and 2.3 eV (and the third one
at ~2.8 eV) (see Fig. 5). The fact that these states are not
seen in dissociative electron attachment studies or in electron
transmission experiments leads us to conclude that o* nega-
tive ion states are probed in the present photodetachment

energy ranges (see the text and Table I).

experiments [and in negative ion photoabsorption studies
(see Sec. III)] confirming the o* character of the ground state
of C¢F¢ . Their observation in the photodetachment and pho-
toabsorption studies rules out the possibility that their ab-
sence in electron transmission spectra is due to their short
lifetimes. It rather seems that the transition probabilities are
different between the photodetachment/photoabsorption
studies on the one hand and the electron attachment/electron
transmission studies on the other. Our findings are consistent
with the lowest state of C¢F being o*.

Two types of transitions involving o and o™ orbitals are
envisioned as shown in Fig. 6: (i) one-particle o*—o¢™* tran-
sitions in which the attached electron is excited from a par-
tially filled o* orbital to a higher empty o* orbital; and (ii)
two-particle/one-hole o—o™* transitions in which a valence
electron is excited from the highest filled o orbital to an

TABLE L. Estimates of the photodetachment threshold Ef;, of C,Fq in gas-
cous TMS and corresponding correlation coefticients for three energy
ranges.

Energy range (¢V) ES (eV) Correlation coefficient
1.393-1.476 0.825 0.9701
1.393-1.675 0.592 0.9925
1.393-1.771 0.562 0.9940
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with the value determined for solid C¢F, on Cu substrates.

occupied, but not filled o* orbital. The transition energies
involved in the present experiments are consistent with the
first mechanism, i.e., they are due to single particle 0*—o™*
transitions. Clearly then photodetachment studies show that
higher o* negative ion states of CFg can be probed by
photodetachment spectroscopy via o*-—¢™ transitions. Two-
particle/one-hole transitions are possible, but they lie at
higher energies where mixing with other configurations can
hinder their identification. This situation seems to be similar
to that for aromatic hydrocarbon anions (see Sec. IV B and
Ref. 59), except that for those anions, the transitions in-
volved are 7*—a* and w—* (the former lying at lower
energies than the latter).

The energy positions of the o* resonances observed in
the present study of the photodetachment of C¢Fe in the
gaseous phase are in agreement with those inferred from
photodetachment''"* and photoabsorption'>'>  studies of
C¢Fg in liquids and from photoabsorption studies of C¢Fg in
solids.'®~'® Also, a study of inverse photoelectron spectra of
condensed films of C¢Fg on a Cu surface revealed" a o*
resonance of C¢Fg at ~2.30 eV (see Fig. 5 and Sec. Il). The
photoabsorption spectra of CgFg in nonpolar solids
(glasses)'® clearly show a third o™ resonance at ~2.8 eV
(Fig. 5 and Table TI). The photodetachment spectrum in Fig.
4 is consistent with the existence of a third peak at about this
energy. All other photodetachment/photoabsorption studies
of C¢Fs in the liquid phase did not extend to this energy

range. It seems, however, desirable to extend the energy
range of the photodetachment/photoabsorption studies to
both lower and higher energies and search for the 7 reso-
nances of C¢Fg . It must be noted, however, that earlier
comparisons> of electron transmission and optical absorp-

M

+ hul

ENERGY

__?_—_‘_
e

*
0 —» O

(1-particle transition)
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FIG. 6. An illustration of o*—g* (one-particle) and o—a® (two-particle/
one-hole) transitions in the reaction M~ +hv—(M ~)* (see the text).
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TABLE I. Electron affinity of C¢Fg and photodetachment thresholds and transition energies to autodetaching
excited states of CgFg .

Quantity Gas Cluster Liquid Solid (glass)
Electron affinity  0.86+0.03°
EA. (V) 0.83+0.
0.80=0.1¢
- 0.603°
0.520°

Photodetachment  0.83(2%  n=1; 0.8 (1.56)*" 1.51 (TMS)4
threshold E5 n=2;093 (1.76) L6 (TMS)*!
eV) n=3; 1.28 (1.90) 1.82 (n-B)*

n=4; 147 (2.12) 197 (n-P)**

n=5; 1.36 (2.24)  1.67 (neo-P)<°

n=6; 1.52 (2.34) 1.88 (c-P)®

n=7; 1.70 (248) 172 (neo-H)*4

n=8; 1.64 (2.54) 1.90 (TMP)-\

Photodetachment studies £57
Transition energies
to autodetaching ~ 2.31% 2.58 (TMSY, 2.60 (TMS)*
states (V) 3.03¢ 3.15 (TMS)
~3.5(78 -
Photoabsorption studies EA  Photoabsarption studies

EAS
2.58 (i-oct)™; 2.60 (TeMP)** 2,64 (TMP:MTHF)"
3.10 (TeMP)**; 3.18 (i-oct)* 3.31 (TMP;MTHF)"*”
3.82 (TMP;MTHF)""

*See other values in Refs. 32 and 51.
®Reference 32.
“Reference 52.
“Reference 19.
“Reference 38.
‘Reference 53.
‘Pn&sem work.

*n=1.2,...8 refers to the cluster size; values in parentheses are the vertical detach ies. The threshold
were obtained from the photoelecuonspeeu'aandmpondtoanmmleofmenpperlumtofdw
adiabatic electron affinity.

TMS=tetramethylsilane; T=296 K [V,=—0.58 eV (Ref. 4)).

iReference 11.

*Reference 12.

'Reference 13.

“n-B=n-butane; T=296 K [V,=0.12 eV (Ref. 4)].

n-P=n-pentane; T=296 K [Vy=~0.01 ¢V (Ref. 4)).

°neo-P=neopentanc (2,2-dimethylpropane); T7=296 K [Vy=—0.43 eV (Ref. 4)].

Pc-P=cyclopentane; T=296 K [Vo=—0.22 ¢V (Ref. 4)].

9nco-H=neohexane (2.2-d|methylbutane) T=296 K [Vy=—0.22 eV (Ref. 4)].

TMP=2,2 4-trimethylp ); T=296 K [Vo=—0.17 eV (Ref. 4)].
*i-oct=isooctane; T=296 K.

‘Reference 15.

“TeMP=2,2,4,4-tetramethylpentane; 7=296 K [V,=—0.35 eV (Ref. 4)].
YMTHF=2-methyltetrahydrofuran; T=77 K.

“Reference 16.

il. PRHOTODETACHMENT OF C¢Fg AS A FUNCTION

tion spectra of ground-state anions in solution revealed sev-
eral differences. For example, strong peaks in electron trans-
mission spectra are often absent (or very weak) in optical
absorption spectra when they are due to transitions which are
dipole forbidden from the ground state anion. Conversely,
strong peaks in the absorption spectrum due to excitation of
dipole-allowed two-particle/one-hole states from the ground
state anion are absent or weak in the electron transmission
spectrum because they require a two-electron process.

3. The photodetachment threshold and the threshold
behavior of o, E)

See the discussion in Sec. III.

OF STATE
A. Threshold energetics

In low-pressure gases, the relation between the photode-
tachment threshold ES for the process

Mg+hv—Mgteg (13)

and the electron affinity E.A.; of the molecule M and the
vertical detachment energy® VDE;; for the anion M~ is

=VDE;=E.Ag+AE;. (14)
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In Eq. (14), ES normally exceeds E.A.; by an amount AE
due to differences in the equilibrium positions of the energy
curves (surfaces) of M and M.

In dense gases, liquids, solids, and large clusters, the
photodetachment process for the molecular anions is compli-
cated by the effect of the medium principally on the anion
and the released electron. Let us consider the photodetach-
ment process in a liquid as an example and let us rewrite
Egs. (13) and (14) as™*"!

M, +hv—M, +e, (15)

and

E5=VDE,=E.A,+AE,=EAg+Vy—P +AE,.
(16)
In contrast with process (13), where e is essentially in the
vacuum level, in process (15) the electron is ejected and
stays in the liquid, its energy at the bottom of the liquid
conduction band being V. In Eq. (16), P is the polarization
energy of the negative ion in the liquid and E&, VDE, ,
EA, (=EAg+V,—P7), and AE; are, respectively, the
photodetachment threshold, vertical detachment energy, elec-
tron affinity, and the value of AE in the liquid; the effect of
the medium on the neutral molecule was considered small
and was neglected in the energetics.
Implicit in the preceding discussion is the assumption
that the anion M~ is in its lowest state of excitation in all

states of matter prior to photodetachment. This seems likely
to be the case in the experiments under consideration in this
paper (see the earlier discussion in Sec. II).

In Fig. 7 is shown a-'l;d(E) as a function of the photon
energy E for C¢Fg in liquid TMS (T=298 K) as measured
by Faidas et al.'! using a two-laser photodetachment tech-
nique similar to the one employed in the present study. The
photodetachment threshold E,';. for C¢F¢ was determined by
fitting the experimental measurements close to the threshold
to

(o5/E)'"=B(E~EL). (17)

The best fit was obtained'' for n=3/2 and Ef = 1.51 eV.
Equation (17) is based on an earlier expression for the

threshold behavior of ofd for atomic anions,%'%2 viz.,
(18)

where B’ is a constant and ! is the angular momentum of the
photoejected electron.

In the present study, the gaseous measurements of
afd(E) could not be made sufficiently close to Eg to allow
an accurate determination of Eg and n. Nonetheless, we
plotted the gaseous agd(E ) in the manner suggested by Eq.
(17). From a linear least squares fit to plots of (afd/E)z’ 3vs
E, the threshold Eg was determined using measurements ex-
tending to various energy ranges above the lowest energy at

ogd(E)=B'E(E—Eg)(2H”’2.
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which measurements were made (see Table I). For the energy
range closest to the threshold, ES was estimated to be 0.83
eV. This value is consistent with the accepted values for the
electron affinity of the C¢F; molecule and is 0.68 eV lower
than the photodetachment threshold £, £ = 1.51 eV estimated
by Faidas ef al."' for C¢F¢ in liquid TMS. From Egs. (14)
and (16),

EL—ES=V,— P~ +(AE,~AEQ). (19)

If we take as did the authors of Ref. 11 for liquid TMS
Vo=—0.51 eV (Ref. 12) and P"=-092 eV (Ref 12), then
Vo— P~ =0.41 eV, which implies that AE, ~AE;=0.27 eV.
In view of the uncertainty in EG and in the values of the
other quantities involved, it is difficult to say whether this
indicated difference between AE; and AE is genuine.

Faidas ef al.'' found that the E.A. of C¢Fg in liquid TMS
was E.A 1us(CeFe)=1.27 eV, i.e., it exceeds its isolated mol-
ecule (gaseous) E.A.G(CFs)=0.86 eV by 0.41 eV. This en-
ergy shift (0.41 eV) in the electron affinity of C¢F is almost
identical to the energy shift observed'® between the energy
positions of the negative ion states in C¢Fy in the gas phase
and in C¢Fg films on Cu substrates.

Finally, it is interesting to note the increase in the pho-
todetachment thresholds of (C¢Fg ), clusters with increasing
cluster size and to see how these compare with the photode-
tachment thresholds of C¢Fg in the gas and in the dielectric

liquids (see Fig. 8). If we assume that when n—, the pho-
todetachment threshold for (C¢Fg ),_. Would be equal to the
sum of E.A.g(C¢Fe) and the polarization energy P~ of C¢F¢
in CgFg, we find that (Epy),.-=(0.86+1.14) eV=2.0 eV.
The value of P~ was determined from the Born equation(73
using the values of 2.03 (Ref. 64) and 3.2 A (Ref. 15) for the _
dielectric constant € of liquid CFg and the radius R of C¢Fg .
The value of 2.0 eV is not incompatible with the photode-
tachment thresholds of C¢F; in dielectric liquids (see Fig. 8);
the latter vary according to the value of the V,, of the liquid.
In estimating (E:,':,),,_,,, for (C¢Fg )= . we neglected V. It
is interesting to note that the gradual rise in the energy posi-
tion of all three autoionizing states of C¢Fg in going from the
gas to the liquid and solid. This trend is also clearly seen in
comparing the E.A.; of the C4F, molecule with the photo-
detachment thresholds Epy of (C¢Fg), clusters and of C¢F¢
in dielectric liquids (Fig. 8).

B. Negative ion states

In Sec. 1l C, we have seen that negative ion states of
C4F, due to 7* and o* orbitals are present in all states of
matter. Their energies in the gas phase, however, are shifted
to lower energy by ~0.4 eV in the condensed phase. Thus
(see Fig. 5), the energy position of the m¢ negative ion reso-
nance at 4.5 eV in the gas phase can be correlated with the
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peak observed in the solid film at ~4.0 eV. Similarly, the
energy position of the 7§ 5 resonance observed at ~0.4 eV
in the gas can be correlated with that at ~0.0 eV in the solid,
and the ground state o™ resonance at ~~0.7 eV can be cor-
related to that in the solid at —1.1 eV. Similarly, the energy
positions of the negative ion states due to o* orbitals as
determined in gaseous photodetachment experiments corre-
late nicely with those from similar studies in liquids (and
glasses), although the downward shift is somewhat smaller
(see Fig. 5).

In such comparisons, efforts should be made to ensure
the same identity of the anion in both the gaseous and the
condensed phases. Dissociative attachment processes which
are not energetically possible in the gaseous phase may be-
come energetically possible in the condensed phase, espe-
cially when anions of small radii are produced which are
embedded in media of high dielectric constants. However,
such a situation does not appear to be involved in the present
study. For example, the threshold E,, for process (10a) (i.e.,
C¢Fg +hv—CFs+F7) in TMS is

Ey=D(C~F)+E.A.c(CsFs)— Pras(CeFs ) —E.A.G(F)
+ Paus(F7)- 20
If we take D(C-F)=5.5 eV (Ref. 32), E.A.o(CsFo)=0.86 eV

(Ref. 32), Prus(CsFg)=—1.03 eV, E.A.G(F)=3.45 eV (Ref..

51), and Ppys(F7)=—2.47 eV, Eq. (20) gives Ey=1.5 eV.

The values of Prys(CFg) and Prys(F™) were determined
from the Born equation® using 3.2 A for the effective radius
of C¢Fs (Ref. 15), 1.33 A for the F~ radius,®® and 1.84 for
the dielectric constant of TMS (Ref. 26).

C. The magnitude of the photodetachment cross
section and its dependence on the state of matter

The present measurements of crfd(E) combined with
those of o;;d(E) and cr";a(E) offer the opportunity to assess
the role of the medium on the magnitude of the photodetach-
ment cross section. In Fig 9 are plotted the following cross
section measurements for C¢Fg : the photodetachment cross
section 0'$(E) for C¢Fg in gaseous TMS, the photodetach-
ment Cross section a";d(E) for C¢Fg in liquid TMS, and the
photoabsorption cross section o“;(E) for C¢Fg 1n liquid
2.2,44-tetramethylpentane.'? o4(E) of Ref. 12 in various
dielectric liquids exhibits simlar behavior (Fig. 10) and
shows a peak at about the same energy which coincides with
the first maximum in o’;a(E) (see Fig. 10). The photoabsorp-
tion cross section, however, extends to higher energies and
shows a second maximum (see Table II and Fig. 10). The
photoabsorption cross section in the solid'® which extends to
even higher energies shows a third maximum (see Fig. 10)
which is consistent with the present measurements (see Table
11 and Fig. 8); all these absorption maxima were attributed to
light absorption by the C¢Fg anion.
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It is seen from the data in Fig. 9 that opu(E)
~ 30%4(E) and that in general 0r(E) < op(E). We thus
have to understand (i) the differences between a'f;a(E) and
d";d(E) in the liquid (condensed) phase and (ii) the differ-
ences between agd(E) in the gas and a";d( E) in the liquid.
The understanding of (ii) requires an understanding of (i).
Let us then go back to reaction (10) and the discussion in
Sec. II on the relation of ag,(E) to crg,(E) in the gas. We
have concluded in that section that

0S(E)=05(E). @1

i., that the “photodetachment quantum yield” in the gas
phase qu(E) is unity. In the liquid, however, the photode-
tachment quantum yield q:d(E ) for C¢Fg was found'? to be
between 0.39 and 0.68 depending on the liquid and the pho-
ton energy; qf,‘d(E) was larger at £=3.0 eV than at E=2.6
eV (Ref. 12) and this is consistent with the increase in the
photoionization efficiency with increasing photon energy in
the case of neutral molecules.*

If processes (10a)-(10c) are assumed for C¢Fg in both
the gaseous and the condensed phases, one can attribute the
difference in the magnitudes of a"';d(E) and a"‘;a(E) in the
liquid phase to the fast quenching of C¢F¢* by the bulk
medium, i.e., to channel (10c); the dependence of q";d(E ) on
E can be rationalized by assuming that p:,d increases with E.
As discussed earlier, channel (10a) is not energetically pos-
sible for the nonpolar solvents considered in this work for

a function of photon energy in liquid TMS, a:_(E) [TMS (Ref. 12)]. and in

E<1.5 eV and is neglected. We also neglect channel (10d)
based on the work of Refs. 12 and 54. Thus, values of
q'l;d(E ) less than unity in liquids are attributed to the internal
quenching of C¢Fg * [channel (10c)]; i.e., a fraction of the
excited C¢Fg * anions internally convert to lower states at
rates comparable to those of autodetachment. This process is
absent in the gaseous experiments as we have indicated in
Sec. I1I. We may then consider rationalizing the finding that
ofd(E) > o-f,‘d(E) as arising from the quenching process
(10c). This is, however, only partly correct. The difference
between the magnitudes of agd(E) and cr;,(E) is much
larger than can be accounted for by such a consideration.
Thus even if we take q';d(E) = 1 [i.e., even if we take
ol(E) = oL(E)),itis clear from the data in Fig. 9 that still

o%(E)=0%(E)> o (E). (22)

What is, then responsible for the missing cross section?
Clearly one has to consider the effect of the medium on
the photoabsorption process itself. The effect of the medium
on the properties of the electronic spectra of molecules dur-
ing the gradual transition from low pressure gas to con-
densed matter has a long history of investigation (e.g., see
Refs. 67 and 68). Generally, the effects are separated into
two lypes:°7'°9 due to (i) the universal, collective action of
the dielectric medium on the dissolved species and (ii) the
specific interactions between the dissolved species and one
or more particles in its surrounding. For nonpolar liquids
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under consideration in this paper, we neglect (ii) and attempt
to understand the differences between the magnitudes of
rr‘(,';,(E ) and U:;d( E) by considering the effect of (i) with the
2id of the macroscopic characteristics of the liquid, i.e., the
static dielectric constant € and the refractive index n.

Let us then write

0S(E)=0S(E)=ap(E)p(n)~", (23)
where ¢(n)<1 is a function of n. Following Neporent
et al. " we may express the photoabsorption cross section
a"L,a for a given transition of a2 molecule immersed in a liquid
1o its gaseous value ag as

oL (E)=0g(E)(n), (29)
where
_(2n2+l)2( 02n2—2)2
A R L ] 9

represents a correction taking account the effect of the uni-
versal action of the medium. In expression (25), a is the
average polarizability of the molecule in the region of the
electronic transition and R is the Onsager cavity radius (prac-
tically equal to the molecular radius).%*"® Experimental mea-
surements as a function of the gas number density N have
shown (e.g., see Refs. 69 and 70) that ¢(n)=<1 and that it
decreases with increasing N.

While the preceding discussion is in accord with ‘our
observation, to quantify the relation between o‘fd(E) and
(r',;._‘(E), we need to evaluate ¢{n), and for this we need
reliable values of nqys. Rch; and acF; - For epys and

Rc,r;. we can employ the values of 1.84 and 3.2 A we used
earlier. However, we have no knowledge of ac,F;- The val-

ues of the static polarizabilities of benzene, fluorobenzene,
and m-difiuorobenzene are about the same and equal to’'
10.3X10"%* cm? and that of C¢F¢ is equal to 10.47X107%
cm® (Refs. 64 and 72). Assuming such a value of
10.47X10"%* cm® for C¢Fs along with the values of epys
and Rcbpg quoted above, we find from Eq. (25) that ¢&(n)

=0.76. If now ok (E) is multiplied by Hn) (=132), it
brings a';d(E) and o-fd(E) into comfortable agreement. Ac-
tually, the best fit is obtained for Hn)~'=1.39 (see Fig. 9);

this value is easily obtained if, e.g., ac - =~ 13 X 10 7 24

cm3.

Finally, the comparison of the cross sections in Fig. 9
suggests that the peaks in the photoabsorption cross section
aﬁn(E) are narrower than the photodetachment peaks in ei-
ther a’l;d(E ) or agd(E). This can be seen by considering the
fact that while the width of a";a(E) is determined exclusively
by the Franck—Condon factors involved, the width of
o-’p‘d(E) is also influenced by the rapid decay (autodetach-
ment) process(es). One might also expect the peaks of
agd(E) to be somewhat broader than the peaks of aéd(E)
since the liquid stabilizes (increases the lifetime of) the high-
lying anionic states [for the ground state naphthalene anion,
e.g. the lifetime is 2.6X107"* s in the gas phase” and
4%107% s in liquid TMS (Ref. 74)].
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V. THE BEHAVIOR OF OTHER ANIONS

The study of C¢F as outlined in the preceding sections
appears to be the most detailed to date. There exist only a
handful of measurements on the photodetachment of other
anions—absolute cross section measurements of the photo-
detachment of O; in gases® and in nonpolar
liquids,*'**% and measurements of the photodetachment
and photoabsorption cross sections for some aromatic anions
in nonpolar liquids.27‘28 These measurements are briefly dis-
cussed in this section. They corroborate the conclusions
reached in this paper on the photodetachment of C¢Fg in the
various states of matter.

A. o5(E) and o 5y(E) for O3

In Fig. 11 are compared the experimental measurements
of ofd(E) of Burch et al.? for O5 in a low-pressure gas with
experimental measurements of a:;d(E ) for O3 in liquid TMS
(296 K).?® While from the measurements on (rgd( E) in Fig.
11 we cannot discern the photodetachment threshold energy,
it is well known that the electron affinity of O; is 0.44 eV
(Ref. 51). The photodetachment threshold of O; in various
dielectric liquids lies at higher energies (see Fig. 11 for O in
TMS)® and is a function of the liquid medium'>?%7 [2.08
eV in TMS (Refs. 13, 26, and 75); 2.02 eV in 2,2-
dimethylpropane (Ref. 26); 2.55 eV in 2,2,4-TMP (Refs. 13,
26 and 75)]; it depends on the value™ of the liquid conduc-
tion band energy V.

Close to the photodetachment threshold, the variation of
a-'[;d(E) with E followed an EY2 power law for all these
liquids as is to be expected>**”” from Eq. (18). In the gas
phase, the photodetachment of O; involves the transition
from a m-electron orbital to a plane wave in the continuum.
In the liquid, the same transition ejects the electron in the
conduction band. Previous authors?®”’ assumed an *equiva-
lency” in the two situations, although the electron in the
latter case is quasifree and undergoes frequent scattering. In
the work of Sowada and Holroyd,”® the slopes B of the
{ oL EYET? vs E lines near the threshold were found to be
independent of the liquid and smaller than their gaseous
value by a factor of ~3. It can be seen from Fig. 11 that at
the same valve of (E—E,) above the photodetachment
threshold, the magnitude of afd is about twice that of U.’;d- A
rationalization of this difference in the magnitude of the pho-
todetachment cross section in the gas and the liquid was
attempted”® by simply considering the effective mass m* of
the photodetached electron in the conduction band of the
liquids. We believe that the differences can be accounted for
to a large extent in a fashion similar to that we discussed in
the previous section for the case of C¢Fg . If we use Eq. (25)
with epys=1.84, Ro- = 1.54 A (Ref. 26), and ao;
= 2.45 X 10”2 cm’ (Ref. 79), we find that ¢(n)=0.7. To
our knowledge, no o,,(E)’s exist for O in either the gas-
eous or the liquid (nonpolar) state that would allow a similar
analysis as was possible for C¢Fg . If, however, we multiply
the oLy(E) for OF by ¢(n) '=143, the ratio opy(E)
X 1.43/0S(E) would give an estimate of the photodetach-
ment quantum yield for O in liquid TMS. This is found to
be ~0.71 for 0.3<(E—E;)<0.9 eV.
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FIG. 11. Photodetachment cross section for O; in a low-pressurc gas [aﬁ,(E): O (Ref. 20)} and in liquid TMS (298 K) {054 E): ® (Ref. 26)].

B. Aromatic anions in condensed matter (nonpolar
liquids and glasses)

The conclusions reached in this paper regarding the pho-
todetachment of C¢Fg in the various states of matter are
corroborated by the findings of a number of earlier studies on
the photodetachmentzus and photoabsorptionzs's"‘a' of aro-
matic anions in nonpolar liquids (and frozen solutions). Es-
pecially, the investigations of Sowada and Holroyd™® showed
that photodetachment is a major process that ensues photo-
absorption by aromatic anions [their measured o5(E) have
peak values of ~1 A?]. The photodetachment quantum yield
q’;d. however, is <1 (e.g., q';d = 0.09 for perylene™* in lig-
uid n-P and 0.46 for perylene ™ * in liquid TMS), and this was
interpreted?® in terms of autoionizing states which also con-
vert internally to ground state anions. This interpretation is
consistent with the failure of earlier studies®' to measure
fluorescence emission from such excited anions due possibly
to the conversion into vibrational levels of the ground state.
The liquid (solvent) is thus seen to stabilize the excited an-
ion, making its lifetime longer in the liquid than in the gas, a
conclusion also reached by theory.®? Theoretical studies in-
dicated also that for aromatic (““circular™) anions, the spac-
ing and the width of the autodetaching levels are determined
principally by the potential of the extra electron in the mol-
ecule itself and not rauch by the (nonpolar) medium. In spite
of the large electrostatic forces between the molecules of the
liquid and the anions that are embedded in it, the small in-
fluence of the nonpolar liquid on the electronic absorption

spectra of the anions can be attributed to the small radii of
the orbitals of the aromatic molecule’s autodetaching states
(probably about the same as those of the neutral molecule),
i.c., by the limited range of the outermost electron’s poten-
tial. Calculations showed also that the widths of the autode-
taching levels (and hence their decay rates) become larger,
the higher the energy level and the smaller the range of the
interaction polcntial.83 and depend noticeably on the angular
momentum of the captured electron.® N
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4.3. Photodetachment of SF, in Nitrogen and Methane

Having established the photodetachment method we developed for the study of the
photodetachment process in liquids and in gases, we began a detailed study of the
photodetachment process for SF,~ embedded in a nitrogen buffer gas at room temperature. The
initial measurements of the photodetachment cross section, 6,4(E), of SF, ions in N, buffer gas
as a function of the photon energy E pui the threshold for the process SF; + hv - SF, +e

at about 3.2 eV. The photodetachment cross section was found to increase monotonically with
increasing photon energy E above the threshold. However, for E > 3 eV it was found that there is
a contribution to the photodetachment signal from electrons released from the cathode by the
photodetaching laser pulse via a two-photon process. It is then important to separate any such
contribution to the measured photodetachment signal, especially when, as in the case of SF,, the

photodetachment cross section is small.

Our efforts to quantify the photodetachment cross section involving the SF¢ anion have been
hindered by the fact that the photodetachment cross section as a function of photon energy E is
small (10?° - 10" cm?) below 3.3 €V, and by the fact that the photodetachment threshold for this
anion is unusually large (about 3.2 eV) compared to the electron affinity of the SF¢ molecule
(about 1 eV). In our technique, the measurement of 6,4 (E) relies on the experimental
determination of the ratio N, / N, where N, is the number of the photodetached electrons and
N. is the total number of electrons photoinjected into the gas (from a gridded cathode) by a laser
pulse; all of these electrons attach to SF¢ forming SF, . The measurement of the ratio N, /N; is
based on the determination of the induced voltages in the circuit caused by the motion of the
photodetached electrons and the total number of negative ions (equal to the total number of
photoinjected electrons N,). An improvement in the accuracy of the measurement of these
induced voltages would translate into an improvement in the measurement of 6,4 (E). In our
efforts to achieve this, we replaced N, as the buffer gas. Instead of N,, we used CH, for which--
at the operating E / N values-- the electron drift velocity is more than 20 times higher than in N,.
Since the induced voltage signal is proportional to the drift velocity of the electrons, we achieved
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a considerable increase in the signal intensity. This has resulted in a better signal-to-noise ratio and
a more accurate determination of the ratio N, / N, . Thus, it has become possible to make
accurate measurements of both the photodetachment cross section and the photodetachment
threshold. These important results have been accepted for publication in Chemical Physics Letters.
The new technique, the measurements and their analysis, and the interpretation of the results are

fully described in this paper which is reproduced below (pages 36-48).
PHOTODETACHMENT OF SF, /

P. G. Datskos, J. G. Carter, and L. G. Christophorou!

Atomic, Molecular, and High Voltage Physics Group
Health Sciences Research Division
Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge, TN 37831-6122
and
Department of Physics, University of Tennessee, Knoxville, TN 37996

Abstract

The photodetachment cross section for SF and the photodetachment threshold for this process
have been accurately measured using a newly developed technique. The photodetachment cross
section has a threshold at 3.16 eV which is about three times larger than the electron affinity
of the SF; molecule. The magnitude of the photodetachment cross section increases
monotonically from the threshold to 1.0 x 10™® cm? at a photon energy of 3.46 eV. The small
size of the measured cross section is attributed to the large relaxation in the equilibrium
internuclear positions of SF, compared to SE,; the analysis of the data indicates that the

photoejected electron has an angular momentum quantum number ¢=1.
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Introduction

Sulfur hexafluoride (SFg) attaches slow eléctfons very efficiently [1-2]. The large cross
section for electron attachment to SF, forming parent and fragment negative ions largely
accounts for its high dielectric strength [3] and its use in high voltage insulation [4] and
other technologies (e.g., plasma etching [5-7]). In these applications, electron detachment
from negative ions is also significant (e.g., as a source of avalanche-initiating electrons
in SF, gas-insulated systems [8-10]). One possible detachment process in such media is
photodetachment. Besides its practical significance, the photodetachment process for SF¢
is also of basic interest; earlier studies [11-15] have indicated that the vertical detachment
energy for this anion is much larger than the electron affinity of the SFs molecule,

suggesting a large internuclear relaxation in SF, compared to SF.

In this letter we report an accurate measurement of the threshold of, and the cross section

6,4(E) as a function of the photon energy E = hv for, the process

SFg + hv - SFg + e @

The photodetachment threshold (representing the vertical detachment energy [1] of SFy)
has also been determined accurately and found to be 3.16 €V, i.e., significantly higher
than the most recent values (1.05 eV (Ref. 16), 1.07 eV (Ref. 17))® of the electron
affinity EA of SF,. The photodetachment Cross section G,4(E) has been found to increase
monotonically from the threshold to 1 x 10" cm? at ~ 0.30 eV above threshold. The
present measurements of the threshold energy and the magnitude of c,,(E) for process (1)
are in general agreement with an earlier photodetachment study [19] which employed 2

“photodetachment-modulated electron capture detector.”

$See earlier EA values in Ref. 18.
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Experimental Method

The experimental method used in the prese;it ‘study is similar to that we described earlier
[20]. A major improvement made in the method lies in the choice of the buffer gas. In
the earlier study [20] we used N, as the buffer gas. In the present study we used methane
(CH,) in order to improve the sensitivity of the technique (see below) that would allow

for a more accurate determination of G,s(E) especially when the size of o,4(E) is small.

A schematic of the experimental arrangement employed is shown in Fig. 1. The cell
consists of a six-way stainless-steel cube with two windows and electrical feedthroughs
at opposite sides. The two stainless-steel parallel electrodes have a gridded circular area
and were held at a distance d = 0.7 cm. The cell was filled with small quantities of SF,
gas in a buffer gas of CH,; the CH, gas number density was varied from 3.22x10" to
6.44x10" molecules cm™® and the SF gas number density was varied from 3.2x10% to
16.11x10" molecules cm to optimize the signal-to-noise ratio. An excimer laser beam
(A = 308 nm; FWHM ~ 15x107 s) enters the cell through a circular aperture (2a = 0.508
cm in diameter) producing (photoelectrically) an electron swarm from the gridded part
of the cathode electrode (Fig. 2). The electrons in the swarm move towards the anode
under the influence of an externally applied uniform electric field and for the number
densities of SF¢ employed they are totally depleted at drift distances z < d/2, forming
SFg via the process (the production of SF;” was kept to a minimum by working at low
E/N values)

e + SF, ~ SFg' ---%- SF, @)

A second, counter-propagating laser beam (FWHM ~6x107'° 5) from the tunable dye-laser

enters the cell coaxially with the excimer laser pulse but with a time delay of ~3.5x10° s.
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Photons from this second tunable dye-laser beam (with energies higher than the
photodetachment threshold, Ey) photodetach SF, giving rise to a photodetached electron
swarm. As this electron swarm moves aldng the z-axis (Fig. 2) towards the anode,
electrons are depleted again by attachment to SF forming SF¢ which are finally collected

at the anode electrode.

A circular aperture witix a diameter 2a=0.508 cm, was chosen so that a practically
constant intensity profile of the excimer laser beam strikes the gridded anode thus
producing an electron swarm with a number density, n.(r,z), which is constant across the
gridded electrode and proportional in magnitude to the excimer laser intensity, i.e.,
n,(r,z=0)=Al(r) =constant. These electrons are depleted by attachment to SFq
molecules. The electron number density n(r,z) and the negative ion number density

n(r,z), for times t less than the electron drift time, t., are described by

n(r2)=4 I(r) e™ 3)

n(ro)=A L(r) (1-e™) )

where M is the electron attachment coefficient for SF. Under the chosen experimental

conditions the electrons are depleted entirely within times t < t/2.

The dye-laser beam which had a Gaussian intensity profile, I(r), (defined as the number
of photons per pulse) with a spatial opening 2b (Fig. 2) less than 2a, entered the
interaction region between the two electrodes ~3.5x10 s after the excimer laser and well
after all electrons were attached, i.e., at t > t.. Photons with energies E(=hv) > E,
give rise to photodetached electrons. Under the condition that the photodetached electron
number density, n4(r,z) is much smaller than the negative ion number density n(r,z), the

n (r,z) is given by
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n,{r2)=0,(E) n (r2) 1N )]

where G4(E) is the photodetachment cross section for photons of energy E. The total
number, N_,, of photodetached electrons is then obtained by integrating over the whole

volume between the two circular electrodes, viz.,

f ¢ f 2 f aned(r,z)rdrdﬁdz= f 4 f 2 f aopd(E)ni(r,z)I {Nrdrdddz 6)
o ™

Ny = opdB—; [7 1nar
N,=6, (BN, [na* ®)

where N; is the initial number of negative ions (equal to the initial number of
photoelectrons N,) and I, is the total number of electron detaching photons that enter the
interaction region, i.e., the volume defined by the gridded part of the two circular

electrodes. It can be seen from Eq. (8) that o 4(E) can be determined from

N, na?
=2 ©
)

i.e., from a measurement of the ratio N/N; and the total number of photons I, in the dye-

laser pulse since the area na? is known (=0.203 cm?).

As the electrons produced by the excimer laser pulse from the cathode electrode drift
towards the anode electrode they induce a transient voltage signal in it which is detected
as a fast initial drop in the measured voltage waveform (see Fig. 3). This drop stops

when all electrons have been attached to SF, molecules; the magnitude of this drop is
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proportional to the number of electrons, N,, in the gap which is the same as the total
number of SF ions, N;, formed. The motion of the slower (than the electrons) SFy ions
(drift times ~107 s) cause a second drop ‘éorresponding to the gradually changing
(dropping) portion of the waveform. The second light pulse from the tunable dye-laser
illuminates the negative ions present in the gap and detaches electrons (whenever E >
E,) inducing a second fast drop in the voltage waveform which is smaller in magnitude
than the initial one, followed by yet another slowly dropping portion of the total voltage
waveform when all the detached electrons were captured once again. From such

waveforms the ratio N,/N; is measured and used to determine c,,(E).

The present measurements were made at a temperature T~300 K. Due to the small
values of 6,4(E) near the threshold, the ratio Ni/N, was small (70.001). To improve the
accuracy of the measurement, we attempted to increase the induced voltage due to N,,.
As was stated in the beginning of this section, we achieved considerable improvement in
the measurement of N,,/N, (and thus in 6,4(E)) by replacing N, with CH, as the buffer
gas. For the operating E/N values (the pressure-reduced electric field E/P,, ranged from
0.36 to 0.71 Volt cm™ Torr™) the electron drift velocity in CH, is ~ 15 times larger than
in N, (Ref. 21). Since the induced voltage signal is progort_ional to the drift
velocity of the electrons, we achieved a considerable increase in the signal intensity,
which resulted in a better signal-to-noise ratio and a more accurate determination of the
ratio N,//N.. In spite of this improvement in the measurement, the error was still large
(5 to 20% depending on the photon energy above E,;) but smaller than that indicated in
other published data (Refs. 14 and 19).

Photod_etachment Cross Section and Vertical Photodetachment Energy for SF,

In Fig. 4 is shown the photodetachment cross section 6,,(E) for SF¢ for photon energies
3.16 to 3.46 eV. The magnitude of o 4(E) is relatively small; we attribute this to the
large difference between the equilibrium internuclear positions of SF and SF,. The large

relaxation in the equilibrium internuclear positions in SF is also responsible for the large
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vertical detachment energy of this anion as given by the photodetachment threshold Ey.
In this study we have been able to determine accurately the value of E,, from the data in
Fig. 4. The c,,(E) data, over the entire phofon energy range covered, were fitted to the

expression [20-22].
(0, |E)"* = B(E-E,) (10)

where B and n are constants. The best fit to the data was obtained for n = 3/2 and E,
= 3.16 eV. The experimental data are plotted in Fig. 4 as (G,/E 23 versus E. The
broken line through the data represents a least squares fit using Eq. (10) with n = 3/2
and E, = 3.16 eV. The fit was done for different photon energy ranges above E, and
the results are given in Table 1. The 2/3 value of the exponent 1/n is consistent with
photodetachment studies on other systems (e.g., see Ref. 20); if we assume n to be given
by (20+1)/2 (Refs. 20-22), a value of n = 3/2 would correspond to an angular
momentum value of ¢ = 1 for the ejected electron. The threshold value of 3.16 eV for
process (1) is consistent with earlier estimates of the vertical detachment energy of SF¢
[2.99 eV (Ref. 13); 3.0 eV (Ref. 12); 3.4 eV (Ref. 11); < 3.25 eV (Ref. 15)] and the E,
value of 3.20 eV of Ref. 19.

In conclusion, via a new method which utilizes a fast buffer gas (CH,) we were able to
determine accurately both the absolute value and the threshold for the photodetachment
process of SF, over a range of photon energies below 3.46 eV. The photodetachment
cross section is small, the photodetachment threshold is determined to be 3.16 eV, and
the angular momentum quantum number of the photoejected electron is found to be ¢=1.
The present measurements can be useful to the modelling of gas discharges and
breakdown in SF, and the method described can be applied to similar studies especially

when the cross section is small.
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Table 1. _Estimates of the photodetachment threshold E;, for SF¢ in CH, and corresponding
correlation coefficients (C.C.) for different photon energy ranges above Ey.

Energy Range E, C.C.
V) V)
3.179 - 3.458 3.161 0.9918
3.179 - 3.397 3.158 ' 0.9907
3.179 - 3.306 3.159 0.9724
3.179 - 3.241 3.166 0.9713
3.241 - 3.458 3.159 0.9840
<3.16> |
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technique used to measure G,,(E) for SF, in CH,.
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Figure 3: Schematic of the two-laser photodetachment technique illustrating a typical induced

voltage waveform and the spatial profiles of the excimer and tunable laser pulses.
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Figure 4: (*) Photodetachment cross section S(E) for SF¢ in CH, as a function of photon
energy E.(O) A plot of (c,4(E)/E)** vs. photon energy.
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5. Effect of Temperature on Electron Attachment and Detachment Processes (Thermally-

Enhanced Electron Detachment)

5.1.The Time-Resolved Electron Swarm Technique

We have furthered the development of the time-resolved electron swarm technique and applied it
to obtain information on electron attachment and detachment processes simultaneously from an
analysis of transient electron waveforms. In this method photoelectrons are generated by a short
laser pulse at the cathode of a parallel-plate electrode arrangement which are depleted by
attachment to the electronegative gas under study (mixed with nitrogen) in the interelectrode
space as they drift to the anode under an externally applied uniform electric field. The contribution
of the initially produced (prompt) and the delayed (autodetached from the parent anions) electrons
to the induced signal in the detector circuit was recorded as a function of time following the laser
pulse and also as a function of gas density, applied electric field, and gas temperature, T. From
such electron current waveforms the electron attachment and detachment frequencies have been
determined as a function of the experimental variables. The technique is very powerful and it
provided most valuable information on the effect of internal energy of molecules and parent
anions on, respectively, their electron attachment and autodetachment properties. The method has
been descn'be_d in a number of publications (see below and Appendix A). It has been applied in
present investigation to the study of the effects of temperature on the electron attachment and
detachment properties of electronegative gases which at low electron energies form

predominantly parent anions and whose behavior may be prototypical of other gaseous dielectrics
5.2. Temperature-Enhanced Electron Detachment from C.F, Negative Ions
We have chosen C(F, (hexafluorobenzene) for this investigation because this molecule attaches

strongly low-energy (< 1.5 eV) electrons forming parent (CF,) negative ions. Since the negative

50



ions formed via electron attachment can become a potential source of electrons in a gas dielectric,
we investigated the electron attaching properties of CF¢ and the electron detaching properties of
CFsasa function of T above ambient. The behavior of these species may serve as prototypical

for those dielectric gases which form parent anions at low-electron energies.

It has been found that increases in T from ambient to 575 K enhance dramatically the
autodetachment frequency for C¢F, . The heat-activated autodetachment correlates with the
increase in the internal energy of the anion and has an activation energy of 0.477 eV. In contrast
to this profound increase of the autodetachment rate with T, the electron attachment rate
constant producing C¢F varies very little with T in this_temperature range; the attachment rate
constant initially increases slightly with increasing T below 500 K and subsequently shows some

decline with further increases in T.
The technique, the analysis of the transient waveforms and the results obtained are presented and

discussed in a paper which appeared in the Journal of Chemical Physics which is reproduced

below (pages 52-59).
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_ Temperature-enhanced electron detachment from CgFg negative ions

P. G. Datskos,? L. G. Christophorou,® and J. G. Carter
Atomic, Molecular, and High Voltage Physics Group, Health and Safety Research Division,
QOak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6122

(Received 23 December 1992; accepted 8 February 1993)

A method is described whereby photoelectrons generated by a short laser pulse at the
cathode of a parallel-plate electrode arrangement are depleted by attachment to C¢F; mole-
cules mixed with N, in the interelectrode space as they drift to the anode under an externally
applied electric field. The contribution of the initially produced (prompt) and the delayed
(autodetached from CgFg ) electrons to the induced signal in the detector circuit is recorded
as a function of time following the laser pulse and also as a function of gas number density,
applied electric field, and gas temperature, T. Increases in T from ambient to 575 K enhance
dramatically the autodetachment frequency, 77 ', for C¢Fg . This heat-activated autodetach-
ment correlates with the increase in the internal energy of the anion and has an activation
energy of 0.477 eV. Electron attachment producing C¢F¢ initially increases slightly with in-
creasing T below 500 K and subsequently decreases with further increases in T.

1. INTRODUCTION

Earlier studies’® have shown that hexafluorobenzene
(CeFs) captures electrons through both (low lying) non-
dissociative and (higher lying) dissociative negative ion
states. The negative ion resonances (NIRs) observed 'in
C¢F¢ can generally be understood™** by considering the
capture of the incoming electron into one of the three
empty m-orbitals 74, 75, and mg. Electron transmission
experiments' demonstrated the existence of three NIRs.
For the first two degenerate NIRs associated with the w4,
75 orbitals, a vertical attachment energy (VAE) of ~0.42
eV was reported and for the third NIR associated with the
7 orbital the reported value of the VAE is ~4.5 eV. Lit-
erature values for the electron affinity (EA) of C¢Fg vary
from 0.52 to more than 1.8 e¢V.&" Since the dissociation
energy D(C¢Fs—F) is ~3.45 eV (Ref. 16) and the EA of
the F atom and the C¢F;s radical are, respectively, 3.4 and
2.7 eV (see Ref. 15) dissociative electron attachment lead-
ing to F~ and especially C¢Fs is not expected at thermal
energies. Hence the negative ions formed at thermal ener-
gies are expected to be due to C¢F¢ parent anions. Indeed
electron beam studies>* have shown the formation of F~
and C¢Fy at ~4.0 and ~4.5 eV, respectively, and the
formation of the parent anion C¢Fy at low energies and
with the parent anion’s intensity rising towards thermal
electron energies; electron beam studies using a time of
flight mass spectrometer measured® the autodetachment
lifetime of C¢F¢ * and found it to be ~12 pus at room
temperature. Increases in the energy of the captured elec-
tron leads to smaller autodetachment lifetimes'™'® for
CeFg *.

Room temperature electron swarm studies™'® found
that electron attachment to C¢F, was very strong at mean
electron energies, (€) below 1.5 eV. The electron attach-
ment cross section deduced® from the swarm measure-

®Also at The Department of Physics and Astronomy, The University of
Tennessee, Knoxville, Tennessee 37996-1200.
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ments possesses two peaks; one at ~0.0 eV and another at
~0.73 eV. The process responsible for the thermal energy
peak was associated with electron capture into the degen-
erate 74 and 5 molecular orbitals, and that at ~0.73 eV
with the g NIR. Electron swarm studies??* of the attach-
ment of thermal electrons to C¢F4 at temperatures above
ambient have reported that the rate constant for thermal
electron attachment decreases profoundly with increasing
T; electron swarm studies at mean electron energies from
thermal to ~1 eV showed” decreases in the attachment
rate constant k, by more than two orders of magnitude as
T was raised from 450 to 600 K. It was suggested that the
observed decreases in k,(T") could be due to changes in the
capture process>~* forming Cg¢F¢ * and/or due to electron
detachment from the parent anion.? A more recent study?’
at thermal electron energies reported that the decrease in
k. with increasing T is indeed due to electron detachment
from stabilized C;Fg and measured the electron detach-
ment frequency in the temperature range 300-350 K. This
was accomplished by monitoring the temporal profile of
the C¢Fg anions at ms times following the formation of
C¢Fg *. In the present study we determined the electron
attachment rate constant and the electron detachment fre-
quency by recording the transient electron current due to
prompt and delayed (detached) electrons.

In the present study we measured the electron attach-
ment rate constant for the formation of CiFg and the
electron detachment frequency for C¢Fg as a function of T
(300-575 K) and (€) (~0.187 to ~1.0 eV). This we
accomplished by recording the transient electron current
due to prompt and delayed (detached) electrons within
microsecond and submicrosecond times following the in-
jection of the initial electrons into the gas from the cathode
using a fast laser pulse (see Sec. II). These electrons drift
to the anode under an externally applied uniform electric
field. The interelectrode space was filled with minute
amounts of C¢F in a buffer gas of N, . For the N, number
densities used (1.61x 10" to 9.66x 10" molecules cm %)
the initially produced (prompt) electrons attain quickly
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(through collisions with the gas molecules) an equilibrium
energy distribution f(¢,{€),T) which is well characterized
under our experimental conditions.?® At each value of the
density, N, reduced electric field, E/N, employed the
f(&€),T) is calculated”’ and hence (€)(E/N,T) is de-
termined and therefore the measured attachment rate con-
stant and electron detachment frequency can be obtained
as a function of (¢) and T. The attachment and detach-
ment processes envisioned are

ke N :
e+C6F6———->C6F6_‘————>C6F6-, (1)
o1
R d
CgFg —— CeFs+e, 2)

namely, electrons are captured by the C¢F molecules with
a rate constant k, forming transient negative ions C¢Fg *
which are subsequently stabilized via collisions with (pri-
marily) N; molecules forming C¢F¢ . Electrons are ther-
mally detached from C¢Fg [reaction (2)] with an autode-
tachment frequency 77 - In this paper we studied reactions
(1) and (2) as a function of 7 and (€) and concluded that
the reduction in stable parent anion formation at elevated
T is principally due to the large increase in the autodetach-
ment from CgF¢ with increasing 7.

Ii. EXPERIMENTAL TECHNIQUE AND
MEASUREMENTS

The experimental set up is shown schematically in Fig.
1. The cell used consists of a six way stainless steel cube
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FIG. 1. Schematic diagram of the experimental sct-up.

with one sapphire window to allow the laser light to enter
the cell. The two parallel stainless steel electrodes were
circular disks of 3.81 cm in diameter and were held a dis-
tance of 0.4183 cm apart. The laser employed to produce
the photoelectrons from the cathode was a Laser Photonics
model LN 1000 nitrogen laser. The laser wavelength was
337.1 nm and the laser pulse duration (FWHM) was
6% 10~ 10 5. The laser light strikes the cathode after going
through a 0.1 cm diam hole in the anode electrode. A
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FIG. 2. Electron current waveforms for C,F, at 7=300, 400, 450, 500, 550, and S75 K. All waveforms are for E/N=1.087Xx 10 Tvemd, Np=9.66
% 10" molecules cm~?, N,=5.64x 10> molecules cm~3, and d=0.4183 cm (see the text). In the figure the solid curves (-) [curve 1 in (f)] are the
experimentally measured total clectron currents as a function of time; the dash—dot (---) curves [curve 2 in (f)] are the calculated electron current
waveforms for the 7, ' and 77 ' values obtained from the fitting of the model (see the text) to curves I; the dotted (- ) curves [curve 3 in (] )] represent
the contribution to the total electron current of the initial (prompt) electron swarm when only electron attachment occurs, and the broken (---) curves
[curve 4 in (f)] represent the contribution to the total electron current from the autodetached electrons.

J. Chem. Phys., Vol. 98, No. 10, 15 May 1993

53




Datskos, Christophorou, and Carter: Electron detachment from CgFg 7877

converging lens is employed to pass the laser beam through
the hole to the cathode; the illuminatéd area on the cath-
ode is ~1.5 cm™.

A uniform electric field was applied to drift the elec-
trons to the anode. The motion of the electrons (and the
ions formed) in the interelectrode gap was detected and
recorded with a Tektronix 7912 AD digitizer through a 50
Q resistor to ground. The induced signal in the detection
circuit is proportional to the electron and ion currents in
the gap which themselves depend on the electron and ion
drift velocities and the initial electron number density.
However, the contribution to the current in the time scales
of interest in this study is solely from the electrons and not
from the negative ions.

The experiments were performed using N, as the buffer
gas which was of Matheson ultrahigh purity (99.999%).
Before use, the N, gas was cooled to liquid nitrogen tem-
perature to freeze out any condensible impurities. The
C¢F¢ sample was obtained from Aldrich Chemical Com-
pany with a stated purity of 99.9%. The C¢F4 sample was
subjected to several vacuum distillation cycles prior to the
measurements in order to remove any air from the sample.
The total gas number density, V7, was varied from 1.61 to
9.66% 10'"° molecules cm ™3, and the attaching gas number
density, N,, was varied from 1.93%10" to 38.64x 10"
molecules cm 3. A heating jacket was used to maintain the
desired temperature which in turn was measured with two
thermocouples in the cell.

The time and space evolution of the electron swarm
when both electron attachment and detachment (but no
ionization) processes are present can be described, ! by

dp.(x,t)

dp.(x,t) 1
ar ¥ ax

1
—;—a p,(x,l)+;d' pilx,t), (3)

api(xyt)
+

ap,»(x,t) 1 1
o YT g

=7_a pe(xyt) -

= pixn),  (4)

where p.(x,7) and p,(x,t) is the number density of the
electrons and negative ions, respectively, w, and w; are
their respective drift velocities, and 7; ' and 77" are, re-
spectively, the electron attachment and detachment fre-
quencies. The solution to Egs. (3) and (4) when the initial
electron swarm is produced by a short duration laser pulse,
i.e., for initial conditions p,(x,0) =nd(x) and p;(x,0)=0
is given by?*!

pe(x,1) = o,

2 1
X1 ‘@—_w,_) ‘};a;; (w,t—x)(x—-w,-t)”, (3
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ng 1

{x,t)= —ex
Pt W,—W; T, P

1 (x—wg 1 (x—wgt
_Ta We—w; +T_d (we'—wi)

2 1
xlo[m T—a;d(wJ—X)(x—wit)], (6)

where ng is the initial electron number density, 8[(w/
—x)/(w,—w;)] is the delta function and /, is the nth order
modified Bessel function.

The electron and negative ion currents can be deter-
mined from

ew, min[w/,d]
()=—F f pe(x,t)dx, N
d wg
ew; (minlwad]
i{ty=— f pi(x,)dx, (8)
d Ju;

where d is the interelectrode gap.
We can define the electron attachment and detachment
rate constants as

we
ka(=~'1’7—)=(r,1v.,)-’, ky=77", (9)

where 7 is the electron attachment coefficient defined?
as the mean number of attachment collisions for one elec-
tron traveling 1 unit length along the direction of the elec-
tric field. By a nonlinear least squares fit of Eg. (7) to the
experimental waveforms, 77’ 1((€),T) and 77 ' ({€),T) can
be determined and from these the electron attachment rate
constant k,({€),T) and the autodetachment frequency
77 1({€),T). Examples of typical experimental waveforms
are shown in Fig. 2 for T=300, 400, 450, 500, 550, and
575 K. The evolution of the autodetachment process for
CeFg as T is increased can be viewed in Fig. 2. In this
figure the solid curves are the experimental waveforms for
(€)=0.38 eV (E/N=1.087x10""7 Vcm?), Ny=9.66
% 10" molecules cm 3, N,=5.64%10'> molecules cm™*
and for a drift gap, d, of 0.4183 cm. The dotted curves
represent the contribution to the total electron current
when no autodetachment occurs. The difference between
the total electron current (solid curves) and the dotted
curves represents the contribution of the autodetached
(“‘delayed”) electrons (dashed curves). As T is increased
this contribution becomes increasingly more significant
and the parent anions decay faster.

1l. RESULTS AND DISCUSSION

A. Electron attachment rate constant k,({¢),T) as a
functionof (¢) and T

As mentioned in the Introduction the electron energy
distribution functions f(¢,{€),T) for N, are known under
our experimental conditions and thus at each value of E/N
and T employed, the mean electron energy (€)(E/N,T)
can be determined. For a number of {€) values we deter-
mined (from waveforms such as in Fig. 2) the 7; ' ({€),T)
and 757 1({€),T) simultaneously via a nonlinear least
squares fit procedure. Typical fits are shown in Fig. 2 for
electron current waveforms for C¢F¢ at T=300, 400, 450,
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500, 550, and 575 K. In the figure the solid curves (—)
[curve 1 in Fig. 2(f)] are the experimentally measured total
electron currents as a function of time; the dash—dot (---)
curves [curve 2 in Fig. 2(f)] are the calculated electron
current waveforms for the 77! and 77! values obtained
from the fitting of the model to curves 1; the dotted (---)
curves [curve 3 in Fig. 2(f)] represent the contribution to
the total electron current of the initial electron swarm
when only electron attachment occurs, and the broken
(—) curves [curve 4 in Fig. 2(f)] represent the contribu-
tion to the total electron current from the autodetached
electrons. Once 75 '({€),T’) was determined this way, the
total electron attachment rate constant k,{(€),T) for CcF
at 300, 400, 450, 500, 550, and 575 K was calculated
through Eq. (9). The k,({€),T) was found to be indepen-
dent of the attaching gas number density N, at all T (see
Fig. 3) but exhibited a small increase with increasing total
gas number density, Ny (Fig. 4). The increase in
k,({€),T) with increasing N is due to the collisional sta-
bilization of the transient C¢F¢ * anions. From data such
as in Fig. 4 the values of A’llm k,({€),T) were determined
(by plotting 1/k, as a functlon of 1/N 7 and extrapolating
1/N7 to 0) at 300, 400, 450, 500, 550, and 575 K. These
values of k,({€),T) are plotted in Fig. 5 as a function of
{¢) for all the temperatures studied. It can be seen that the
k,({€),T) initially increases with increasing T (for 7<500
K) and subsequently decreases for T above 500 K.
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B. Autodetachment frequency -rd 71((e), T as a func-
tionof () and T

As mentioned above, the prsent mmsurements and
analysis give simultaneously 7, ! and 77", The latter was
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determined as a function of {€) for 450, 500, 550, and 575
K. These are plotted in Fig. 6 for total gas number densi-
ties N7=1.61, 3.22, 6.4, and 9.66 X 10'® molecules cm .
It can be seen from Fig. 6 that 77! increases sharply as T
is raised from 450 to 575 K and for a fixed {¢) and T it
becomes smaller the higher the Nr. The increase of 77
with T is due to the increase in the internal energy of C¢Fg
as T is raised (see later in this section) and the decrease of

77! with Ny is due to the fact that as Ny is increased
progr&ssxvely a larger number of the initially unstable
C¢Fg* become collisionally stabilized. When Ny— oo all
CcF¢ * formed are fully stabilized giving C¢Fg thus requir-
ing more energy to revert back to the neutral molecule plus
a free electron [reaction (2)]. In order to obtain the value
th [771({€),T)], the 771({€),T) was determined as a
function of the total gas number density Ny (for suffi-
ciently low values of N7, C¢F¢ * can decay without being
fully stabilized), plotted as a function of 1/N and extrap-
olated to 1/N7—0. The values 77 !({€),T) obtained this
way correspond to the autodetachment frequency for the
fully stabilized parent anions C¢Fg and are plotted in Fig.
7. Below 450 K the 77! ((€),T) (in the (€) range studied)
were very small and the uncertainty in their determination
large since there is very little autodetachment taking place.

C. Swarm unfoided electron attachment cross
section o,(¢,7)

" The small number of attaching gas molecules (com-
pared to that for N,) employed in the present study, is not
expected to change the electron energy distribution func-
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FIG. 7. Autodetachment frequency 77 '((€),T) (for Ny— o) for CFg
as a function of mean electron energy, (€) at 450, 500, 550, and 575 K.
(For T below 450 K the 77! was too small to be measured with the
present technique.)

tion f(€,{€),T) of N, which we can assume to be the same
for N, and for the C¢F¢/N, gas mixtures used in this study.
This is also evident from Fig. 3 where k,({€),T) shows no
overall dependence on N,. We can then determine the total
electron attachment cross section o,(€,T) using an itera-
tive electron swarm-unfolding technique® to unfold the
total electron attachment rate constants k,({€),T’) shown
in Fig. 5. The swarm-unfolded o,(€,T) are plotted as a
function of the incident electron energy € for 300, 400, 450,
500, 550, and 575 K in Fig. 8. They show maxima at ~0.0
and at ~0.8 e¢V. The positions of the maxima are consis-
tent with earlier studies® which found the electron attach-
ment cross section for C¢Fg at 300 K to possess two peaks,
one at thermal energies and another at ~0.73 eV and as-
sociated the former peak with electron capture into the 7,
or s orbitals and the latter into the ¢ orbital.

D. Variation of the electron attachment and
detachment frequencies in C.F¢ with, respectively,
the internal energy of C¢F¢ and CsFg

Clearly the results of this study show that in the tem-
perature range investigated in this paper, the temperature
influences profoundly the autodetachment process [reac-
tion (2)] but it has only a small effect on the electron
capture process [reaction (1)]. In the present study the
transient C¢Fg * anion formed initially by the capture of an
electron, is stabilized by collisions with N, molecules (re-
sulting in C¢F¢ ). Some anions obviously undergo autode-
tachment while still excited. As Ny— o all of the CiFg*
anions become stabilized before autoejecting the electron
back into the medium. Assuming that the cross section for
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the collision between C¢F¢ * and N, is given by the clas-
sical Langevin expression® an estimate for the time 7, be-
tween collisions can be determined from

1 M, 12
T =2aN; (?E) ’ (10)
where M, is the reduced mass of the CFg, N, system and
@ is the static polarizability of N, (=1.7403x1072
em®).** For the gas number densities N employed in this
study 7. varies from ~10""" to ~107'° 5. That is, the
times between collisions of CsFg* and N, are much
shorter than the autodetachment lifetime of the isolated
C¢F¢ * anion (for thermal electron capture this lifetime is
~12 us) (Refs. 3, 17, and 18).

In an effort to better understand the effect of T on 7! '

and 77! we estimated at each T employed in the present
study the vibrational energy of C¢F in excess of the zero-
point energy from

N ﬁ‘)i

(€)in(T)= El FolkT ] (1
using the vibrational frequencies listed in Refs. 35-37 and
assumed that the total internal energy {€);,(T") of both
C¢F¢ and C¢F¢ is given by this quantity. We then plotted
the electron attachment rate constant and the autodetach-
ment frequency as a function of (€);, in Figs. 9 and 10,
respectively. The k,({€),{€);,,) first increases and then de-
creases with (€);, but the changes are small compared to
those of 77 ' ({€),{€);,)- The autodetachment frequency at
all values of (€) increases monotonically with increasing
internal energy; by more than one order of magnitude (see
Fig. 10) when (€),, increases from ~0.40% lo ~0.c33€V.
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If we assume that the autodetachment process requires
an activation energy E* and that 77 ' is related to T by

T4

1 go—E*/KT

(12)

then E* can be estimated from a plot of In(7') as a
function of 1/7. A plot of this nature is shown in Fig. 11.
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77" data of Ref. 25 we extracted from Fig. 9 of that paper. The slope of
the solid line through their data corresponds to an E* of 0.603 V. The
broken line through their data corresponds to an E* value of 0.52 ¢V
which is the value reported by Ref. 13 for the EA of CF,.

The 77! data plotted in Fig. 11 are for thermal electrons
and for two values of N (see figure caption). From the
slope of In(737') vs 1/T for Ny— o (i-e., completely sta-
bilized C;Fg ) we estimated E* to be 0.477 eV. The slope
for a similar plot in Fig. 11 for N7=1.61X 10" molecu-
lescm~? is 0.413 eV indicating that at this N not all
CcFs were in their lowest internal energy state. The value
for E* of Ny+— o would correspond to the case that all
negative ions reach adiabatically the ground electronic
state for the neutral, from the lowest possible internal en-
ergy state of the anion and should compare well—as ap-
parently it does—with the value for the electron affinity of
C¢Fs (EA=0.52 eV) reported in Ref. 13. Both of these
values were basically determined by looking at the autode-
tachment process; the present one by looking at the auto-
detached electrons at microsecond and submicrosecond
times and that of Ref. 13 at the decline of the negative ion
density at ms time scales. The E* values of the present
study and the EA of Refs. 13 and 25 are lower than the EA
values reported by other workers [i.e., ~0.86 eV (Ref. 14),
> 1.8 eV (Ref. 7)]. Also plotted in Fig. 11 are the data for
77! between 300 and 350 K measured in Ref. 25 for ther-
mal electrons, which at 350 K are almost two orders of
magnitude lower than our values for 77 for 450 K. Such
small 77’ would be undetected in our electron current
waveforms and the perturbation of such a process in the
measurement of k, would be increasingly negligible for T

7881

below 450 K. We fitted the data from Ref. 25 with Eq.
(12) and the solid line through their points has a slope
which corresponds to an activation energy E*=0.603 eV.
We also plotted our measured values for 77 '(T) at mean
electron energies higher than thermal to see possible effects
of the captured electron’s energy on E* The results ob-
tained show that at higher (¢) the E* are somewhat
smaller than for {€)=3/2kT. For example, when the
mean energy of the electron swarm is 0.759 eV fitting of the
77 1(T) to Eq. (12) yields an activation energy 0.425 eV
for Nr— oo.

Finally, besides the basic significance of the present
study the quantitative understanding of the effects of T on
the electron attachment and detachment properties of elec-
tronegative gases is important in determining the dielectric
properties of gaseous dielectrics especially when avalanche
initiation is triggered by autodetachment.
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5.3. Temperature Dependence of Electron Attachment and Detachment in SF, and ¢-C,F

In the temperature, T, range of 300 to 600 K and the mean electron energy range of 0.19 to 1.0
eV, the total electron attachment rate constant for SF, and ¢-C,F, measured in dilute mixtures
with N, , is virtually independent of T. Under the same experimental conditions the stabilized SF¢
anion does not undergo autodetachment but the stabilized c-C,F anion undergoes a profound
increase in autodetachment (by about four orders of magnitude). This difference between the SF¢
and the c-C,F, anions is attributed to the larger electron affinity of the SF, molecule compared to
the c-C,F, molecule. The heat-activated autodetachment for c-C,F," is related to increases in the
internal energy content of the c-C,F," anion and was found to have an activation energy of

0.237 eV. The beautiful detailed data on these two dielectric gases are contained in a Journal of
Chemical Physics paper which is given below (pages 61-70). This work, as that on C(F is
fundamental in value and indicates that some earlier work [ N. G. Adams, D. Smith, E. Alge, and
J. Burdon, Chem. Phys. Let. 116, 460 (1985); E. C. M. Chen, W. E. Wentworth, and T. J.
Limero, J. Chem. Phys.83, 6541 (1985); S. M. Spyrou and L. G. Christophorou, J. Chem. Phys.

82, 1048 (1985)] on the effect of temperature on electron attachment may be in error.
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In the temperature, T, range of 300-600 K and the mean electron energy range (€) of 0.19-1.0
eV, the total electron attachment rate constant for SFg and ¢-C4F¢ measured in dilute mixtures
with N,, is virtually independent of 7. Under the same experimental conditions the stabilized
SF; anion does not undergo autodetachment but the stabilized ¢-C,Fg anion undergoes a
profound increase in autodetachment (by about four orders of magnitude). This difference
between the SF; and the ¢-C,Fg anions is attributed to the larger electron affinity of the SF¢
molecule compared to the ¢-C,F¢ molecule. The heat-activated autodetachment for ¢-CFg is
related to increases in the internal energy content of the ¢-C,Fg anion and is found to have an
activation energy of 0.237 eV. The “limiting electric field strength™ of SF¢ was found to increase

by ~11% as T was increased from 300 to 600 K.

I. INTRODUCTION

The electron attachment and detachment properties of
polyatomic molecules are significant in many applications.1
For example, the large electron attachment cross sections
for sulfur hexafluoride (SF¢)'™'® and hexafluorobutene (c-
C,F,) %! due to parent and/or fragment negative ion
formation are principally responsible for their high dielec-
tric strength (compared, say, to air) and for their use (es-
pecially of SF) in high-voltage insulation and other appli-
cations. [e.g., plasma etching of silicon'” and GaAs based
semiconductors.]'® Electron detachment from negative
ions in SF has been implicated as a source of avalanche-
initiating electrons (e.g., see Refs. 19-23).

Electron beam studies at room temperature have
shown that at near-zero energy electrons attach to SF¢ very
efficiently forming parent anions SF, * whose autodetach-
ment lifetimes, 7,, under single-collision conditions are > 1
us (e.g., see Refs. 2,8,12,24-27) and also fragment anions
(eg., F-, F5, SFy, SF;, SF;, and SF; ).%%? Similar
studies on ¢-CF¢ have shown?** that electrons with en-
ergies below 1 eV attach efficiently to this molecule pre-
dominantly producing long-lived ¢-C,F¢ * whose “isolated
ion” 7, is »7 us. At electron energies, €, above 1 eV, the
fragment ions F~, C;F;, and C,F; were observed.*

Electron swarm studies at room temperature®'® have
shown that the total electron attachment rate constant k,
for SFy is very large for mean electron energies, {€), below
1 eV and that it decreases monotonically with increasing
{€) above thermal energies; the value, (k,)y,, of k, at ther-
mal electron energies is 2.3 X 10~ 7 cm®s™! (Ref. 13). Sim-
ilar swarm measurements showed'® that the ¢-C,Fg mole-
cule exhibits the same type of behavior with regard to the
dependencr of k, on {€); at room temperature the (k,)q
~1.5% 1077 cm®s~! for this molecule.”'®

Electron beam and electron swarm studies at temper-

“Also at The Department of Physics and Astronomy, The University of
Tennessee, Knoxville, Tennessee 37996-1200.
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atures, T, above ambient have been reported only for SF;.
Electron beam studies have shown®' that SF5 from SF at
near-zero energy increases by a few orders of magnitude
when T is increased from 300 to ~880 K. Another elec-
tron beam study has shown® that the energy-integrated
total electron attachment cross section for SF is indepen-
dent of T (300-1200 K). This finding is consistent with
that of electron swarm studies>*'! which found that (k,),
remains unaffected by changes in T in the temperature
range investigated in these studies (300-500 K).*

In this paper we report the results of an electron
swarm study which allowed the determination of the effect
of T on both the electron attachment and the electron
detachment processes for SFg and ¢-C4Fg at low (<1 eV)
electron energies. We visualize the electron attachment and
electron detachment processes for these molecules (M) as

k

e+M—~M'*foM‘ (M
and
-1
i
M- —-M+e )

That is, electrons are captured by the molecule M (SF, or
¢-C,F,) with a rate constant k. forming transient negative
ions which are subsequently stabilized with a probability p
via collisions with (primarily) N, molecules giving stable
M~ (SFg or ¢-C,F; ) ions. The attached electrons can
then thermally detach from the stable ion M~ [reaction
(2)] with a detachment frequency 27 ! Reaction (2)
should not be confused with the autodetachment of the
isolated, initial metastable ion M ~¥, viz.,

-1
]

M *-M%® e, 3)

which is the reaction probed in single-collision beam ex-
periments.

We investigated reactions (1) and (2) for SFg and
¢-C,F, as a function of T (from 300 to 600 K) and {e)
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FIG. 1. Schematic diagram showing the principle of the time-resolved clectron swarm technique (see the text).

from (~0.19 to ~ 1.0 eV). We determined the &k, ({€),T)
and the 17! ({€),T) for SF¢ and ¢-C4F¢. Our findings
show that there are only minor effects on the low-energy
electron attachment to SF, and ¢-C4Fg caused by changes
in T (from 300 to 600 K). However, the effect of T on
electron detachment from ¢-C,F is profound; the electron
detachment frequency for the parent negative ion increases
by more than three orders of magnitude as T is raised from
300 to 600 K. In contrast, the SF¢ ion was found to be
very stable with respect to electron detachment in the same
T range.

In the present work, also, we measured the “limiting
electric field strength” (E/N);n, for pure SF as a function
of the gas temperature. Our study shows that the (E/N ),
for SF, increases monotonically with increasing T in the
temperature range investigated (300600 K).

. EXPERIMENTAL TECHNIQUE AND
MEASUREMENTS

A. Technique

The time-resolved electron swarm technique we em-
ployed in the present study has been described earlier.>
The main chamber consists of a six-way stainless steel cube

with one sapphire window to allow the laser beam to enter
the cell. The two parallel stainless steel electrodes were
circular disks of 3.81 cm in diameter. The principle of this
technique is shown schematically in Fig. 1. The electron
swarm is produced by a fast N, laser pulse [pulse duration
(FWHM) ~6x10"" s] which strikes the cathode
through a 0.1-cm-diam hole in the anode electrode.

The interelectrode space was filled with minute
amounts of attaching gas molecules M (SF¢ or ¢-C,F¢) in a
buffer gas (N,). The number density of the buffer gas was
in the range of 1.61%10'°-9.66x 10" molecules cm™>.
For these densities the initially produced (prompt) elec-
trons quickly attain (through collisions with the gas mol-
ecules) an equilibrium energy distribution f(€,E/N,T)
which is well defined under the present experimental con-
ditions** ¢ and drift towards the anode under the influence
of an externally applied uniform electric field. As they
drift, a fraction of them is removed forming unstable par-
ent negative ions which are rapidly stabilized, by collisions
with the buffer gas, forming stable negative ions (M~ in
Fig. 1). These stabilized anions can subsequently thermally
autodetach giving rise to delayed electrons which can be
present in the interaction region long after the initial elec-
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trons have been collected. The motion of the electrons
which reach the anode without ever having been captured
(“prompt” electrons) and the electrons which have been
attached and then thermally released (“delayed” elec-
trons) induces a current in the anode circuit which is ob-
served through a 50 Q resistor to ground. For thc us time
scales of interest in this work and the low E/N values
employed, the contribution to the observed total current is
solely from the electrons. The contribution of slowly mov-
ing species such as the negative ions is negligible and can be
neglected.
The electron current wave forms can be described by

ew min(wd)
i(1)= J- p(x,t)dx,
wi

(4)

where p,(x,1) is the number density of the electrons at a
distance x from the cathode and time r,w, is the electron
drift velocity, and d is the drift distance. When the initial
electron swarm is produced by a short duration laser pulse,
i.e., for initial conditions p,(x,0)=nd(x) the electron
number density is given by>*3740

o

0. &P

1 (x—w 1 fws—x

p,(x,t)—w‘, i 1, (w —w) g \w—w;
s WSL—Xx {1 x—wd

% (wr—wi)+ tolg Wt —X

2
XI'(G::w_i)JIazd(w‘t x){(x— wﬁ))]
(5)

where w; is the negative ion drift velocity and #; ' and 7'
are, respectively, the electron attachment and detachment
frequencies. At each value of the gas number density-
reduced electric field E/N we employed, the f(€,(€),T)
was calculated'>?® and hence the (€) (E/N,T) determined,
and therefore the measured electron attachment and de-
tachment frequencies can be obtained as a function of (€)
and T. The change in the electron current due to the loss
(electron attachment) and gain (electron detachment) of
electrons as the temperature is increased above ambient
can be seen from the typical experimental wave forms
shown for SF (at 300, 400, 500, and 550 K) and for
¢-C,F, (at 400, 450, 500, 550, and 600 K) in Figs. 2 and 3,

respectively. From Fig. 2 it can be seen that no delayed
electrons [due to reaction (2)] are present in the SFg/N,
mixtures for temperatures up to 550 K. However, for the
¢-C,F¢/N, gas mixtures there is an increasingly larger con-
tribution of delayed electrons to the total current (Fig. 3).
Using wave forms such as in Figs. 2 and Fig. 3 obtained at
a number of E/N and T values, we employed Eq. (4) and
a nonlinear least squares fit to determine the z; ' and £7 .
In Fig. 2 the solid curves represent the expenmental wave
forms for E/N=3. mxlo-” Vem? ({€) =0.71 eV), Ny
=6.44x 10" molecules cm >, and N,=9.66x 10'* mole-
cules cm~>. The dash-dot curves are fits of the experimen-
tal wave forms to Eq. (4). In Fig. 3 the evolution of the

autodetachment process for ¢-C4F¢ as T is increased can be

8609
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FIG. 2. Electron current wave forms for SF, in N, at 7"=300, 400, 500,
and 550 K. All wave forms are for E/N=3.10X10""7 V cm?, N;=6.44
X 10" molecules cm 3, N,=9.66x 10> molecules cm™~>. In the figure the
solid curves {(—) are l.he experi Ily d total electron currents
as a function of time; the dash—dot (-~-) are the calculated electron
current wave forms for the 17 ' and #7* values obtained from a fit to Eq.
(4) (see the text) and shown on the ﬁgure. Note that we can obtain only
an upper limit to 15’ of 10°s7".

viewed. In this figure the solid curves are the experimental
current wave forms for E/N=1.24x10"" Vcm? ((¢)
~0.42 eV), Ny=6.44Xx10" molecules cm™>, N,=6.44
% 101 molecules cm™>. The dotted curves represent the
contribution to the total electron current when no autode-
tachment occurs. The difference between the total electron
current (solid curves) and the dotted curves represents the
contribution of the autodetached (delayed) electrons
(dashed curves). As T is increased this contribution be-
comes increasingly more significant and the parent anions
decay faster (see further discussion in Sec. III).

B. Gases purity

The experiments were performed using Matheson ul-
trahigh purity N, as the buffer gas (quoted purity specifi-
cations 99.999% or better), instrument purity SFq from
Matheson Gas Products (quoted purity of better than
99.99%), and c-C,F, with a stated purity of 99%. Before
use, the N, gas was cooled to liquid N, temperatures to
freeze out any condensible impurities. The N, vapor was
then extracted at temperatures just above the boiling point.
The SF, and ¢-C,F¢ sample gases were further purified by
subjecting them to numerous freeze-pump-thaw cycles at
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FIG. 3. Electron current wave forms for ¢-C,F, in N, at T=300, 400, 450, 500, 550, and 600 K. All wave forms are for E/N=1.24x10""7 V cm?,
N;=6.44x 10" molecules cm >, N,=6.44x 10'* molecules cm~>. In the figure the solid curves [—; curve 1 in ()] are the experimentally measured
total electron currents as a function of time; the dash—dot (- -) curves [curve 2; (f)] are the calculated electron current wave forms for the 77 and 1!
values obtained from the fitting of Eq. (4) (sce the text and the values of ¢7 ' and 77 ' given in the figure) to curves 1; the dotted (---) curves [curve
3; ()] represent the contribution to the total electron current of the initial (prompt) electron swarm when only electron attachment occurs, and the
broken (—) curves [curve 4; ()] represent the contribution to the total electron current from the autodetached electrons.

liquid N, and dry ice temperatures (in the case of ¢-C,Fg)
to remove air and any other impurities not frozen at these
temperatures.

The N, gas number density, N1, was varied from 1.61 < : C KSFG‘in N;
X 10" to 9.66x 10" moleculescm™, and the attaching e T=s00K N
gas number density, N,, was varied from 1.93Xx10" to - 1t NT.(")I 6:“'“'“"' )
16.1 X 10" molecules cm ™ for SF and from 1.60x 10" to 2 Y am
64.4 % 10" molecules cm ™~ for ¢-C,F. < ol v s <e> (eV)

20 HE

i1l. RESULTS AND DISCUSSION g’ s : o . *
A. Electron attachment rate constant k((¢),7) as a § ; . ' : E 0333
function of (e) and T g

As mentioned in Sec. I, the electron energy distribu- ; ! . . ; . . oan
tion functions f(€,{€¢),T) for N, are known under our g .. s
experimental conditions and thus at each value of £/N and 53 . . . " 0495
T employed, the mean electron energy {€) (E/N,T) can be E ' . ¢ s
determined. For a number of (€) values we determined <,
(from wave forms such as those in Figs. 2 and 3) the g ! ' ! 3 0w
17'((€),T) and 17 '({¢),T) simultaneously via a nonlinear = e 2 T o
least squares fit procedure to Eq. (4). Once 7 '({¢),T) § 1f ¢ .
was determined this way, the total electron attachment rate « e e
constant k,({€),T) for SF, and ¢-C,F; was calculated 0 2 4 6 & 10 12 14 16 18 20
through the relationship k,=t;'/N, where N, is the at- N, (10" molecules cm™)

taching gas number density.
In Fig. 4 is shown the k,((€),T) for SF as a function )
of the SF6 gas number density for various mean electron FIG. 4 Electron au.achmcr.lt rate constant k, for SF, as a function of the
attaching gas number density N, for scveral values of the mean electron

energies and N, gas number densities; it is .seen to be in- energy (€) and fixed values of T (500 K). Ny=1.64x10'"° (@), 3.22
dependent of the attaching gas number density N, and the x 10" (A), and 6.44 X 10" (®) molecules cm .
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FIG. 5. Electron attachment rate cc k, (for N,—0) for SF¢ as a
function of the mean electron energy, (€), and the total gas number
density, Ny, at temperatures of 300 (O), 400 (@), 500 (V), and 550
(¥) K. The broken curve is the electron attachment rate constant
measured in Ref. 13.

total gas number density Ny at all T studied, suggesting
that for the N employed the parent SF * anions lose their
excess energy (through collisions with N, molecules) and
become “stabilized.” In Fig. 5 the k,({€),T) is plotted as
a function of () for all the temperatures studied along
with the k,(T=300 K) taken from Ref. 13 for compari-
son. The k,({€),T) exhibit a rather small dependence on
T in the temperature range investigated.

Similarly, the k,({€),T) for ¢-C;F¢ was found to be
independent of the attaching gas number density N, at all
T studied. However, the k,({€),T") exhibited a small in-
crease with increasing total gas number density, N, as can
be seen from the data in Fig. 6. The increase in k,({€),T)
with increasing N is attributed to the collisional stabili-
zation of the transient ¢-C,F¢ * anions by N, gas mole-
cules. From data such as in Fig. 6 the values of
limy,_. oka( {€),T) were determined (by plotting 1/k, as a
function of 1/Ny and extrapolating 1/Nr to 0) at 300,
400, 450, 500, and 600 K. These values of k,({€),T) are
plotted in Fig. 7 as a function of {€) for all the tempera-
tures studied. The effect of T on k,({€),T) is rather small
for the T range investigated (Fig. 7).

B. Autodetachment frequency t;'({¢),T) as a
function of (¢) and T

Reaction (2) has been found to be rather insignificant
for SF for T7<550 K. This is demonstrated by the data in
Fig. 2 where the total electron current wave forms are
shown for fixed N, for different temperatures; there is no
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FIG. 6. Electron attachment rate constant k, for ¢-C,F, as a function of
the attaching gas number density N, for several values of the mean elec-
tron encrgy (€) and a fixed value of T (450 K) and for Ny=1.61X 10
(@), 322x10° (A), 644x10° (W), and 9.66x10” (¥)

molecules cm 3.

contribution to the total electron current from delayed
(autodetached) electrons. In Fig. 8 are shown the electron
current wave forms at T=550 K for SF, concentrations
ranging from 3.22X 10 to 16.10x 10" molecules cm™>.
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FIG. 7. Electron attachment rate constant k, (for N,—0 and Ny— )
for c-C(F as a function of the mean electron energy, {€) at temperatures
of 300 (O), 400 (A), 450 (O), 500 (V), and 600 () K.
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FIG. 8. Electron current wave forms for SF, in N, for N,=3.22x 10",
6.44 10", 9.66 % 10", and 16.1 X 10" molecules cm~>. The wave forms
were measured at T'=550 K, E/N=2.17x10""7 Vcm? and N;=6.44
% 10'° molecules cm ™. In the figure the solid curves (—) are the exper-
imentally measured total electron currents as a function of time; the
dash—dot (---) curves are the calculated electron current wave forms for
the 77! and £ values obtained from a fit to Eq. (4) and listed in the
figure (see the text).

Even for the largest N, employed there is still no noticeable
contribution to the total electron current from delayed
electrons. These measurements put an upper limit to 77 !
for SFg ; 7" is less than 10° s~' at T=550 K.

In sharp contrast to the case of SFg, electron detach-
ment from the c-C,Fg is large and varies profoundly with
T in the range investigated (300-600 K). The £7' we de-
termined for ¢-C,Fg is shown in Fig. 9 as a function of (€)
for T =450, 500, 550, and 600 K; it increases sharply as T
is raised from 450 to 600 K. The increase of z7 ' with T is
attributed to the increase in the internal energy of ¢-C,F¢
(see the discussion later). Below 450 K the 77 1(e),T) is
very small and only an upper limit can be placed on 77 !
(see Fig. 3).

C. Variation of the k, and ¢’ for SF; and ¢-CFs with
the internal energy {€); of the respective neutral
and parent negative ion

Our findings clearly demonstrate that there is only a
minor effect of the gas temperature on the rate constant for
low-energy electron attachment to SF¢ and ¢-C,Fg mole-
cules [reaction (1)]. However, the temperature influences
profoundly the autodetachment reaction (2) for the case
for the ¢-C,F¢ ion. For the total (buffer) gas number den-
sities used in our experiments, the parent negative ions
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formed undergo a large number of collisions with the
buffer gas molecules within the lifetime of the “isolated™
M™*. An estimate of such a collision time 7, can be ob-
tained assuming that the cross section for a collision be-
tween an anion and a buffer gas molecule is described by
the classical Langevin expression.*! This yields a collision
time 7, between a transient SF?‘ * or c-C4F; * ion and a N,
molecule of ~107"' to ~107'% s depending on N (actu-
ally 7, is inversely proportional to N7). This time is at least
four orders of magnitude shorter than the lifetime of either
of the isolated transient anions (SFg * or ¢-C;F¢ *): We
can then assume that the majority of the negative ions are
themselves in their lowest vibrational/rotational energy
state allowed at each temperature when the electron is
thermally detached from the anion.

In an effort to gain a better understanding of the effect
of T on k, and ;' we estimated, at each T employed, the
vibrational energy of SF and ¢-C,Fy in excess of the zero-
point energy from

N
@w(D= X Fopr— (6)

using the vibrational frequencies found in the literature for
SF, (Ref. 42) and ¢-C,F¢ (Ref. 43). We, then, assumed
that the total internal energy content {€);,(T) for both
the neutral molecule and the respective parent anion is
given by this quantity. The k,({€),{€);,) exhibits a rather
minor dependence on {€);, for both molecules. In con-
trast, the 17} ({€),{€)i,) for c-C;Fg increases dramatically
with increasing (€)., (see Fig. 10); 77 '({€)) increases by
about four orders of magnitude when (€);, increases from
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~0.160 to ~0.555 eV. The £7'({€)) for SFg always re-
mains below 10° s™! even as {€);, is increased from

~0.074 to ~0.294 eV.
If the electron detachment process (2) has an activa-
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FIG. 11. Autodetachment frequency, 15 * for ¢-C,Fg as a function of 1/T

for four values of the mean electron energy. In the figure are also given the
values of E* [Eq. (7)] obtained by a least sq fit to the data at each

value of {€).
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tion energy E*, and if £7 ! is related to the gas temperature
T and E* by

-1 -1 —
17 =15 e BT, (N

where 27! is the autodetachment frequency when 7T — «,

then an estimate of E* can be obtained from a plot of
In(z7') vs 1/7. A plot of this nature is shown in Fig. 11

for the case of c-C,Fg . From a linear least squares fit to
the data in Fig. 11 using Eq. (7) we estimated E* to be
0.237 eV; this value is independent of {€) (see Fig. 11)

which suggests that indeed the majority of the negative
ions are vibrationally/rotationally relaxed prior to electron
detachment. If we take this value for E* to represent an
estimate of the electron affinity (EA) of ¢-C,F¢ we can
rationalize the absence of electron detachment from SFg’
on the basis of the higher electron affinity of SF; reported
values of EA(SF;) range from ~0.5 to ~1.5 eV* with a
recommended value of 1.05 eV.*

D. Swarm unfoided electron attachment cross
section o,{¢,7) as a functionof eand T

The small number of attaching gas molecules (com-
pared to N,) used in the present study, does not change the
electron energy distribution function f(¢,{€),T) of the
electron swarm in N, which can be assumed to be the same
for the SF¢/N; and ¢-C,F¢/N, gas mixtures used in this
study. We then, determined the total electron attachment
‘cross section o,(¢,T) using an iterative electron swarm-
unfolding technique® to unfold the total electron attach-
ment rate constants k,({€),T) we ascertained at different

temperatures {Figs. 5 and 7).
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FIG. 13. Swarm unfolded total clectron attachment cross section o,(€,T)
for c-C,F, at 300, 400, 450, 500, and 600 K.

The swarm-unfolded o,(¢,T) for SF¢ and ¢-C;F¢ are
shown in Figs. 12 and 13, respectively, as a function of the
incident electron energy € and temperature 7. The o,(€,T)
for both of these molecules exhibits a sharp increase as
€—0.0 eV due to the parent anion formation.

Datskos, Christophorou, and Carter: Electron attachment in SFs and ¢-C4Fg

E. Limiting electric field strength (E/N),,, as a
functionof E/Nand T

In our study we were able to determine the limiting
breakdown field strength, (E/N)y,, for pure SF¢ as a
function of gas temperature. We define the (E/N);, as the
maximum E/N value—at each temperature—for which
the number of electrons reaching the anode is the same as
the number of electrons initially ejected from the cathode
into the gas medium. That is, the net gain (loss) of elec-
tronic charge during the drift of the electrons is zero and
thus electrical breakdown is not possible. For the case of an
electronegative gas (when no electron detachment pro-
cesses are present) this represents the situation for which
the electron attachient frequency equals the electron ion-
1zation frequency.

We determined the (E/N);;,, for pure SF¢ (for which
we observed no electron detachment under our experimen-
tal conditions) from the measured total current wave
forms such as those in Fig. 14. In Fig. 14 the initial elec-
tron current is designated by /, and the total current at the
end of the electron drift time is designated by 1,; I, is made
up of two components, one due to ions ([3) and another
due to electrons (/,-/;). From a determination of 7, and
(I,~1;) we calculated the quantity R=[(I,-I,)—1,1/1,
and plotted it as a function of E/N. The E/N value for
which R=0 determines the (E/N )y, . In Fig. 15 we show
the plot of R vs E/N for two temperatures (300 and 550
K). The lines through the experimental points are linear
least squares fits to these points and the intersection of this
line with the E/N axis is the (E/N)y, value for that tem-
perature. The (E/N)y,,, values determined in this manner
for 300, 400, 500, 550, and 600 K are plotted in Fig. 16.
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FIG. 14. Total current wave forms for purc SF, at four values of E/N around the (E/N),,, at fixed T (550 K) (sec the text).
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FIG. 15. The ratio R=[(I;-I3)—1,)/I, for pure SF¢ as a function of
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The room temperature value of (E/N)jy, determined in
this study agrees very well with that reported by other
authors.'”® From Fig. 16 it can be seen that the (E/N)jm
for SF, increases monotonically with increasing T'. This we
attribute to the increase in the dissociative electron attach-
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FIG. 16. Limiting clectric field strength (E/N)yg values fof 5'15,, as a
function of temperature. The dashed line through the experimental points
is a linear least squares fit to the data.
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ment to SF¢ with increasing T (which is the dominant
electron attachment process at high E/N). The effect of
the presence of an electron detachment process (autode-
tachment or collisional detachment) would tend to de-
crease the value of (E/N)yn, for a fixed T since there
would be more electrons ejected back into the medium
released from the negative ions. In this investigation for all
the temperatures studied and for E/N values up to (E/

. N)ym there was no evidence of electron detachment occur-

ring in SF;.

It is also interesting to note that for temperatures
higher than 500 K we observed loss of SF¢ molecules from
the chamber. This was probably due to some reaction®’ of
SF, with the hot copper gaskets we used in the cell forming
CuF,. This problem was eliminated when we used gold
plated copper gaskets to seal the cell.
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5.4. Dependence of the Dielectric Strength of Gases on Temperature as a Result of the Variation

with Temperature of their Electron Attachment and Detachment Properties

It has been shown by us earlier [J. Appl. Phys. 63, 52 (1988)] that the limiting uniform field
breakdown strength (E / N),, of electronegative gases which at low electron energies form
parent negative ions decreases with increasing gas temperature and for molecules that capture
electrons only dissociatively the (E / N)y, increases with increasing T. The decrease in (E /N)jm
with increasing T is related to increases in the heat-activated electron detachment which is likely
for dielectric gases which capture electrons forming parent anions, while the increase in the
dielectric étrength with increasing gas temperature follows the T-dependence of the dissociative
electron attachment. In the present study, we have been able to determine the limiting electric
field strength (E /N),, in pure SFy as a function of T. We did this by locating the value of E/ N
(at each temperature) at which the electron attachment coefficient equals the electron impact
ionization coefficient. The so determined values of (E / N),,, are given in the preceding paper;
they progressively increase from 362.7 x 107 V cm’” at 300 K to a value of 411.5 x 10 Vem?®
at 600 K, that is, an increase of about 14 %. For SF, electron attachment is only dissociative at

high energies.

These results are fully discussed in the publication reproduced above and in the publications listed

in Section 3
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6. Electron Attachment to Electronically Excited Molecules

As we have seen in Section 3, electron attachment to molecules which are rotationally /
vibrationally excited (thermally or via infrared-laser excitation) shows profound differences
compared to the unexcited molecules. These differences depend on the amount of internal
excitation and on the mode--dissociative or non-dissociative-- of electron attachment. Generally,
increases in the ro-vibrational molecular energy increase the cross section for dissociative electron
attachment. We have observed that even larger increases in the cross sections for dissociative
electron attachment occur when the molecules are electronically excited. A review of this most

interesting new knowledge has been undertaken and is given in Appendix A.

We continued the investigations of electron attachment to electronically excited long- and short-
lived excited electronic states of molecules produced directly or indirectly by laser irradiation.
These studies showed that the cross sections for dissociative electron attachment to electronically
excited molecules usually are many orders of magnitude larger than those for the ground-state
molecules. Under this contract we studied dissociative electron attachment to laser-irradiated

hydrogen, silane, and methane.
6.1. Hydrogen

Our observation of enhanced H™ production in laser irradiated H was further documented by

conducting additional photodetachment and ion mobility measurements and analyses. These new
findings were integrated with our earlier study on hydrogen and along with their implications for
negative ion and neutral beam technologies were described in a paper that has been published in

the Journal of Applied Physics. This paper was given earlier (pages 10-18).

The verification of H™ production in ultraviolet-laser-irradiated hydrogen has interesting

implications for negative ion and neutral beam sources, possible new electron attachment
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mechanisms for hydrogen discharge sources, and lasing mechanisms of Al following
photoionization in the presence of hydrogen. This last application has been discussed in some

detail in a Physical Review article which is reproduced here also (pages 74-79).
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Lasing in Al following photoionization and neutralization in the presence of H,:
: The role of H™
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Atomic Al develops a population inversion and stimulated emission in the resonance lines when
a solid target in a H, buffer gas is irradiated with ArF 1930-A laser light. We present experimental
evidence that the H™ ion is responsible for this effect, through charge-neutralizing collisions with

Al*.
PACS number(s): 34.50.Gb, 34.50.Rk, 32.70.—n

I. INTRODUCTION

In the experiments of Kielkopf [1], an ArF 1930-A ex-
cimer laser pulse was focused with a cylindrical lens on
a solid Al target in the presence of H,. Lasing in the
3s4s 251/2-35312 2P3/2 (3692 A) transition in Al was ob-
served in the direction of the focal line, perpendicular
to the ArF laser axis. Previously, Erlandson and Cool
[2] had reported lasing in a segmented discharge in H,
when it was irradiated by an ArF laser. Although the
fundamental physical processes were probably the same
in both experiments, the presence of a discharge for the
experiments reported in Ref. [2] complicates the inter-
pretation because there were sources of excitation, dis-
sociation, and ionization other than the 1930 A laser
light; however, lasing in Al occurred only when the ArF
pump laser light was present. Here we will concentrate on
analyzing the observations of Ref. 1], report additional
spectroscopic measurements, and describe the use of a
photodetachment probe laser to study the importance of
H-.

This negative ion was proposed in Ref. {1] as a possi-
ble agent for the excitation of Al, but at the time there
was no direct evidence that H™ was present after the
ArF excitation pulse passed through the H, buffer gas.
This situation changed recently when Pinnaduwage and
Christophorou observed efficient H™ formation in ArF
laser irradiated H; [3], as shown by the results reproduced
in Fig. 1. At high enough laser intensities almost all the
electrons produced by means of ArF photoionization of
H, are converted to H™ ions by attachment to concomi-
tantly produced superexcited Hj, or some other attaching
species produced by way of those superexcited states. It
has been pointed out that Al itself is efficiently ionized
by the ArF radiation {1]. In addition to the photoioniza-
tion of the outer electron, there is a resonant inner-shell
3s3p-3p? excitation followed by autoionization as illus-
trated in the energy level diagram of Fig. 2. In contrast
to previous observations of population inversions in laser-
produced plasmas referred to in Ref. [1], where the lower
state of the transition was an excited state which depop-

1050-2947/94/49(4)/2675(6)/306.00 49

74

ulated rapidly through radiative processes, in the present
case the lower level was the ground state. The depopula-
tion of the 3s3p ground state here was achieved because
of efficient ionization of the Al ground state by the ArF
laser. Based on these facts, we propose that the lasing 4s
state of Al was produced by a neutralizing recombination

SIGNAL (mV)

1x10° 4x10”

I (photons cm %s 1)

FIG. 1. Dependence of the measured total (Vr) and nega-
tive-ion (V;) signals from Hz on ArF excimer laser irradiance
(I), as reported in Ref. [3]. Experimental parameters are
indicated in the figure.
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FIG. 2. Energy levels of neutral Al. An ArF laser at 1930 A
excites the autoionizing 3p® *S,, level which produces a high
concentration of Al*. Stimulated emission is observed in the
45 28,2 — 3p 2P/, component of the doublet due to a popu-
lation inversion of the 4s state relative to the 3p ground state.

of H- and Al*.
The process which interests us, charge-neutralization
collisions

Al* + H™ — Al(4s) + H(1s) (1)

in a gas with an initially high population of Al* and H™
jons, would lead to a nonthermal population of neutral
Al atoms in the excited 4s state. Figure 3 shows the low-
lying atomic states, and the relevant neutral and ionic
potential-energy curves. Although the cross section is not
known, potential curves for the interaction of Al and H
were reported recently in a full configuration-interaction
benchmark calculation by Bauschlicher and Langhoff [4],

55000

)

-1

Energy ( cm

FIG. 3. Potential-energy curves for AlH from the calcula-
tions of Matos, Malmqvist, and Roos. The low-lying states
are shown relative to the asymptotic atomic states. The C 'II
state is jonic around 4 A, where the ion pair A1*+H™ and the
neutral pair Al(4s)+H(1ls) asymptotes both contribute, but
also has 4s atomic-state character.
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and in a complete active space self-consistent field calcu-
lation by Matos, Malmqvist, and Roos {5]. Both calcu-
lations showed that the C 'T state correlates with an Al
atom in the 3s2 4s state and a H atom in the 1s state
around the inner minimum, but that the outer minimum
is ionic. Therefore, through a crossing of the neutral and
ionic potentials, Al*+H™ may interact and yield the up-
per state of the lasing transition.

First, we briefly summarize the previous experiments
(1]. An Alrod machined flat on one end was inserted into
a vacuum chamber through a sliding O-ring seal. The
axis of the rod was along the optical axis of the excimer
laser. A 5-cm-diam positive cylindrical lens with a focal
length of 10.3 cm focused the laser beam through a fused
silica window on the vacuum chamber to a line on the
end of the aluminum rod. The cylindrical focusing lens
could be rotated about the optical axis of the excimer
laser to make the focal line coincide with the optical axis
of a scanning vacuum monochromator. The ArF pulse
energy inside the vacuum chamber was estimated to be
400 £ 100 mJ.

The target was irradiated after the vacuum system was
evacuated with a diffusion pump and backfilled with more
than 200 torr of H,. Within a few nanoseconds follow-
ing the ArF pulse, an intense blue emission with speckle-
could be seen by looking through a viewport exactly
along the focal line at the Al target. The Al laser beam
divergence was quite small because a spot less than 7 mm
in diameter showed on a fluorescent screen placed at the
viewport. The spot had a well-defined boundary consis-
tent with high gain along the focal line. Spectroscopic
measurements showed that the stimulated emission orig-
inated in the 3s4s2S; /2 state, with gain only in the
stronger 3962 A transition of the doublet to 3s3p 2P, /2-
A search from 1150 A to 5400 A showed weak lines aris-
ing from 55 and 3d states, but no other Al I lines. While
scattered 1930 A excimer laser light was seen, lines of
Al 11, AlH, and H, were absent.

Those observations were based on spectra taken pri-
marily along or close to the focal line axis. The absence
of AIH and Hj lines is crucial if alternative hypotheses
for the excitation mechanism are to be eliminated. For
these reasons we decided to reinvestigate the spectrum,
concentrating on the emission 90° from the focal line axis,
and making an effort to minimize ArF scattered light so
as to increase the sensitivity of detection. Observations
with N, and He buffer gases were also made to look for
evidence of population inversion when H™ could not be
present. Finally, as a test of the hypothesis that las-
ing was caused by charge-neutralization collisions of Al*
with H™, we studied the emission when H™ was removed
by a second photodetaching laser.

II. NEW EXPERIMENTAL RESULTS

A. Spectra

The system was the same as that described in Ref.
[1], with the addition of baffles to minimize scattered
light, and a second monochromator to observe emission
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perpendicular to the focal line. An iris diaphragm was 1000 4

added along the ArF laser axis inside the vacuum cham- 3 Side View

ber about halfway between the cylindrical lens and the E

Al target. This diaphragm blocked a portion of the in- 800

cident ArF beam that would not have illuminated the 3

target, and minimized multiple reflections between the ]

target and the entrance window. The target rod also = 600

was extended to trap the light which missed the rod o 3 1

so that it would not scatter back to the spectrometers. 20 ] |
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pair of electroformed baffles [6], and through them into a 3 i

0.2 m focal length, 4 A resolution vacuum monochroma- 3 &
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to the on-axis spectrometer from regions just in front

of the Al target, so that that instrument detected only 3 .
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spot. Light emitted perpendicular to the focal line was
collimated with a 2.5 cm focal length sapphire lens, and
reflected to a matching lens that imaged the region on the
entrance slit of another 0.25 m scanning monochromator.
The light extending about 2 mm in front of the target was
integrated in taking the spectra from this perpendicular
view.

Part of the ArF incident pump light illuminated a
sodium salicylate fluorescent screen, and the fluorescence
was detected with a photodiode that triggered gated in-
tegrators to measure the signal from the monochromator
photomultipliers at specific time delays following excita-
tion. Signals from both instruments were recorded digi-
tally under computer control.

Spectra of the lasing line region with H, buffer gas are
in Figs. 4 and 5. Along the focal line of the ArF laser, as
noted in Ref. [1], the transition at 3962 A is very strong
and the other doublet component is barely detectable.
This is very clearly shown in Fig. 4. Without gain in
the plasma the intensity ratio of these lines would be 2:1,
but instead it is of the order of 50:1 or greater. Later,
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FIG. 4. The spectrum of the 4s-3p transition of Alin a Hz
buffer emitted along the lasing axis. Spectra recorded during
the 20 ns ArF laser was on (—), and 200 ns laser (- - -), are
both shown. The 4s %S, 72-3p 2p, /2 component is far stronger
because of stimulated emission and gain along the focal line.
The signal is in arbitrary units. The wavelength is in A.
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FIG. 5. The spectrum of the 4s-3p transition of Al in a
H. buffer emitted perpendicular to the lasing axis. Spectra
recorded when the 20 ns ArF laser was on (-—), and 200 ns
later (- - -), are both shown. The doublet intensity ratio of 1:1
during excitation means that the Al resonance line emission
is optically thick. After 200 ns the ratio is the canonical 2:1
when the Al density is less. The signal is in arbitrary units.
The wavelength is in A.

with a delay of 200 ns, the Al is still lasing. This is a
noteworthy result: lasing does not require the concur-
rent presence of ArF 1930 A light, but results from a
process that is started by the ArF laser and continues
for some time afterward. This rules out photodissocia-
tion of AIH as a mechanism and supports cur view that
the inversion results from a neutralization pump involv-
ing H™. The spectrum monitored perpendicular to the
focal line is illustrated in Fig. 5. It shows emission that
is optically thick in the resonance lines with an apparent
intensity ratio of 1:1. After 200 ns the intensity ratio
from the side is closer to 2:1, while the on-axis emission
is still entirely in the one stronger doublet component.

Spectra were recorded in the visible and near ultra-
violet with an EMI 9789Q uv-sensitive photomultiplier,
and in the vacuum ultraviolet with an EMI type G solar
blind photomultiplier which is insensitive to the Al laser
light. Along the focal line of the ArF laser, only two
spectral features were seen between 1150 A and 6000 A:
the Al laser emission and scattered light from the ArF
pump. Figure 6 shows a composite of scans covering
these features. Neither other spontaneous Al lines nor
emission from H, were detected along the axis. Because
these measurements were made through the axial baffle
which restricted the field of view, we conclude that emis-
sion from other excited states in Al occurs mostly in the
space in front of the Al target. Since the 3d — 4p transi-
tion is strong in the spectra taken at 90°, but is not seen
at 0° along the focal line axis, we conclude that the 3d
state is not sufficiently populated to produce stimulated
emission and gain.

Lasing in Al had been observed when H, was replaced
with D5, but not with He [1]. In the new experiments, no
lasing was observed when H, was replaced by He or N.
This latter observation helps to rule out electron recom--
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bination with Al™ as a possible mechanism of populating
the lasing neutral Al state, as discussed below. Side view
spectra for Hz, N3, and He buffer gases taken promptly
following the ArF excitation are shown in Fig. 7. Lasing
occurs only with Hy, but Al I emission is detected for
all the gases. To eliminate the contributions from the
ArF scattered light to these spectra, some of which are
in the second order (at 2)), we digitally subtracted the
N, buffer gas spectra from the He and H; spectra, since
N, produced the least Al emission, but an identical ArF
background. The result for Hy is shown in Fig. 8. The
difference spectra allow the sensitive detection of several
atomic lines of Al: all the transitions we observe termi-
nate on 3p and originate in the 3d, 4d, 5d, 4s, 5s, and
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FIG. 7. Spectra perpendicular to the focal-line axis with
H., He, and N buffer gases. Lasing in Al occurs only for Hz.
The underlying continuum and several of the lines originate
in the ArF pump laser. The signal is in arbitrary units with

spectra displaced vertically for clarity. The wavelength is in
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FIG. 8. The spectrum perpendicular to the lasing (fo-
cal-line) axis with a Hz buffer after subtraction of the N
buffer spectrum to cancel scattered light from the ArF pump
laser. Transitions from several excited states of neutral Al
to the ground 3p are identified, as is the weak (0-0) band
of AIH. Above 4500 A the features which appear are in the
second order at 2A. The signal is in arbitrary units.

6s excited states. Only the transitions from 4s and 3d
are significant. The AlH molecular bands are largely, but
not entirely, absent. The 4 — X (0 — 0) band of AlH is
barely detectable in the region from 4245 to 4265 A. The
extreme weakness of the molecular emission, compared to
emission from the atomic 3d state, which does not even
invert, again demonstrates that the AlH molecule is not
a factor in producing population inversion.

B. Photodetachment of H-

From an experimental point of view, one unfortunate
aspect of a hypothesis that H™ is involved in a colli-
sional process in a dense gas is that direct spectroscopic
detection is not possible because it is a “dark” ion with-
out a characteristic emission spectrum in a laboratory
plasma. While the analysis and observations we have
presented thus far demonstrate unquestionably that H™
is a good candidate, the proof depends on eliminating all
other possibilities. However, we can test this hypothesis
by removing the H™, while other conditions remain con-
stant, to see whether the stimulated emission disappears
too. A convenient way to modulate the H™ concentration
is to use a photodetachment reaction

H™ 4+ hv— H(ls) +e” . (2)

For wavelengths shorter than the threshold at 16439 A,
the cross section for this process increases to a maximum
of 4 x 10717 cm? at 9620 A [7,8]. The beam from a
neodymium yttrium aluminum garnet (Nd:YAG) laser
at 1064 nm is close to the optimum wavelength.

A Continuum Surelite II YAG laser produced 700 mJ
at its fundamental wavelength. The 6-mm-diam beam
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was directed into a KDP crystal to generate the sec-
ond (green) harmonic, and 300 mJ of the residual in-
frared 1064 nm was separated by dichroic mirrors. A
small fraction of the second harmonic was also present
in the separated beam and provided a convenient tracer.
The infrared beam was directed to an ultraviolet grade
fluorescence-free fused quartz microscope slide inserted
at 45° into the 1930 A ArF excimer laser beam. Approx-
imately 8% of the infrared reflected from the front and
back faces of this beamsplitter and went along the ArF
laser optical axis toward the 12.5 cm focal length cylin-
drical lens, which imaged both beams onto the Al target.
The ultraviolet ArF beam was sharply focused onto the
target to optimize lasing in the Al resonance line. The
infrared YAG beam was therefore slightly defocused and
broadly illuminated the region through which the ArF
beam had passed.

Both lasers were controlled by a Stanford Model 535
Digital Delay Generator with relative triggering jitter of
+10 ns, within the combined pulse widths of 20 ns at
1930 A and 5 ns at 1064 nm. The 24 mJ infrared pho-
todetaching pulse was delayed about 10 ns after the ul-
traviolet pump pulse. The self-collimated beam from the
Al laser developed along the focal line axis, at 90° to the
ArF laser beam axis, and exited the chamber through a
fused silica window. About 40 cm from the window the
spot size from this beam was 5 mm. It was observed vi-
sually on a fluorescent uranium glass filter in the path.
The spatial overlap of the pump and photodetachment
beams was optimized to make the two appear to strike
the same place on the target, and fine adjustment was
made to create the biggest decrease in Al lasing when
the photodetachment beam was turned on.

A Hewlett Packard 5082-4220 photodiode with a 0.5-
mm-diam sensitive area was inserted in the Al laser beam
instead of the uranium glass screen. The small surface
area insured that the diode sampled only the highly direc-
tional emission from the target. With its output buffered
by an EG&G Ortec 575 amplifier, the response time con-
stant of the detector was =~ 1 us, integrating over the
entire Al lasing episode. The shaped pulse was sam-
pled, averaged over 10 laser shots at 10 Hz, digitized, and
recorded. A typical run record is shown in Fig. 9. The
YAG beam was blocked and unblocked manually to pro-
duce the chopping shown in the figure. When the YAG
beam was on, the Al lasing was completely eliminated.
The residual signal was only scattered background light
from the infrared YAG. When the YAG beam was off, the
Al lasing was strong and stable, with some shot-to-shot
variation at the high signal levels in the figure. From
these observations it is apparent that 24 mJ of infrared
YAG light is sufficient to completely quench the lasing
process in the ArF irradiated Al/H; system.

III. CONCLUSIONS

The spectroscopic measurements, particularly the ab-
sence of prominent emission from AlH, the total absence
of H, emission, and the continuation of lasing up to
= 200 ns when the ArF pump is off, suggest a secondary
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FIG. 9. The dependence of the total 3862 A
4s 251/2-31) 2P3/2 stimulated emission on a simultaneous
1064 nm YAG laser pulse. The 24 mJ YAG 1064 nm probe
laser was focused colinearly with the ArF 1930A excitation
laser on the Al target. The signal shows that the stimulated
Al laser emission along the focal line disappears whenever the
H™ ion is photodetached by infrared illumination. The signal
is in arbitrary units.

role for several previously proposed mechanisms for the
production of the population inversion in the Al 4s state.
Photodissociation of AlH, possibly produced by reactive
collisions, cannot be important because the molecule is
barely detectable, and because lasing continues for over
200 ns after the ArF pulse terminates. This agrees with
the conclusions of Ref. [1] that efficient photoionization
of Al, followed by recombination, aided in some way by
Ha, is the likely mechanism for exciting Al to the 4s state.
Two possible recombination partners were suggested in
Ref. [1): e~ or H™. We consider these possibilities in
turn.

The stimulated emission appears promptly, within a
few nanoseconds, following the ArF pump pulse. This
suggests that if recombination of Al* is the mechanism,
it must be very fast. Radiative recombination with elec-
trons is too slow. It is ruled out by the prompt Al las-
ing. Three-body recombination, where the third body is
an electron, is negligible at electron densities less than
102! ¢cm~3, which is the case here. Neutral stabilized
three-body recombination, where the third body is an
atom, has a room temperature three-body rate coefficient
of the order of 10727 cm®s~" [9]. For molecular gases it
can be orders of magnitude larger [10] due to the efficient
removal of energy by densely spaced ro-vibrational levels.
Depending on the nature of the buffer gas, the rate can
be as large as 2.7 x 1072 cm®s™?! for H0. The three-
body rate coefficient for H; is not known. Therefore, even
though the stimulated emission was not observed when
H, was replaced by He, the possibility existed that neu-
tral stabilized three-body recombination could be strong
enough to account for the stimulated emission in the pres-
ence of H,. As a test, in the new experiments, we looked

" for population inversion with a N, buffer gas. The ro-
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vibrational levels of N, are more densely spaced than
those in H,, and the neutral stabilized electron recom-
bination should be more efficient with N, than with H,.
Since we found that stimulated emission is absent with
Ny, electron recombination can be ruled out. This new
result, together with the new photodetachment experi-
ment, firmly establishes H~ as the partner for Al in
the charge neutralization collisions leading to the lasing
neutral state of Al.

Indeed, based on the work in Ref. [3], H™ formation in
ArF irradiated H; is so efficient that there may not be
enough free electrons to recombine with Al* even if the
cross section is large. As can be seen in Fig. 1, at high
enough ArF intensities almost all the electrons are con-
verted to H™ ions. In the experiments, = 400 mJ of ArF
pulse energy was focused into an area of 2z 1074 cm?. The
corresponding irradiance was = 10°° photons cm?s~2.
Since the ArF intensity in the experiments of Ref. 3] was
much smaller, =~ 102° photons cm?s™?, it is clear that
here the conversion of free electrons to H™ ions would
be complete. The electron attachment constant for ArF
laser-irradiated H, is estimated to be > 1075 cm3s™? [3].
Electron attachment to high electronic excited states of
H, produced by ArF irradiation is believed to be respon-
sible for this efficient H~ formation [3].

The lowest vibrational level (v = 0) of the 'T] ground
electronic state of Hz, which is exclusively populated
at room temperature, attaches electrons only weakly;
the maximum electron attachment rate constant is =
10~ ¢cm®s~! [11]. Electron attachment to high vibra-
tional states of IE;" can have rate constants of up to
2 1078 cm® s [12,13]. However, this possibility for H~
formation in ArF irradiated H, was ruled out in Ref. [3].
Since (2 + 1)-photon ionization of Hz at the ArF laser
line proceeds through a two-photon resonance with the
E,F 'T} state, in principle it is possible that high vi-
brational states of 12;‘ are indirectly populated by the
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E.,F't; B 18} — X '} radiative transitions. The
present experiments rule out a significant rate of forma-
tion of high vibrational states of 12;‘ by this process,
since the Lyman band B 'E} — X I emission in
the vacuum ultraviolet is not observed. It would appear
strongly in the 1600 A region of Fig. 6.

In addition to the efficient formation of H™ ions at
the ArF focal line, a large fraction of the laser ablated
Al atoms will be photoionized to form Al* ions through
the autoionization coincidence shown in the energy level
diagram of Fig. 2. Most of these Alt jons must be re-
combining with H™ to achieve the population inversion
of the upper 4s state with respect to the 3p ground state.

Finally, we note that Al laser emission with slightly
lower intensity was observed when D, was substituted
for Hz [1]. This is consistent with the observation of
D~ formation in ArF laser irradiated D, [14], which is
qualitatively similar, but less efficient, compared to H™
formation in ArF laser irradiated H,.
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6.2. Silane

We have observed enhanced electron attachment to ArF-excimer-laser-irradiated silane The
experimental measurements are consistent with highly-excited states of silane or its
photofragments (produced directly or indirectly via laser irradiation) are responsible for the
observed electron attachment. Since such excited states may be populated in silane plasmas, these
findings may explain the recently reported large negative ion densities in silane plasmas. These
basic measurements are discussed in a paper published in Applied Physics Letters. In this paper
the implications of these findings for silane plasmas are elaborated upon, also. The paper is

reproduced below (pages 81-83).
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Enhanced negative ion formation in ultraviolet-laser irradiated silane:
Implications for plasma deposition of amorphous silicon
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Observation of enhanced electron attachment to ArF-excimer-laser irradiated silane is reported.
Evidence is presented that highly excited electronic states of silane or its photofragments are
responsible for the observed enhanced electron attachment. Since such electronically excited states
may be produced in silane plasmas (by direct electron impact or by excitation transfer via metastable
states of rare gases that are commonly used in silane discharges), the possible significance of this
electron attachment process for negative ion formation in silane plasmas is indicated. © 1994

American Institute of Physics.

Large concentrations of negative ions have been shown
(see Ref. 1, and references therein) to exist in radio fre-
quency (rf) glow discharges of silane (SiH,) and its mixtures
used for plasma deposition. Electron attachment measure-
ments on the ground electronic state of silane conducted un-
der low-pressure, single-collision conditions,? show that the
maximum electron attachment cross section is in the range of
107" to 10" cm? occurring at electron energies of ~8 eV.
A high-pressure (~1 kPa) electron swarm experiment® with
pure silane also confirmed weak electron attachment to si-
lane in its ground electronic state.

At the first glance it may appear that large negative ion
densities that exist in continuous silane discharges may be
due to accumulation over long times, especially since it has
been established that negative ions are confined to the center
of the discharge by the plasma sheath. However, direct elec-
tron density measurements inside the discharge volume*
show that the electrons are lost rapidly via attachment.

It is, therefore, quite likely that an additional, more effi-
cient, electron attachment process occurs in silane rf plas-
mas. Based on our observation of enhanced negative ion for-
mation in ArF-excimer-laser irradiated silanc described
below, we point out that electron attachment to clectronically
excited silane and/or its excited fragments produced in a rf
discharge may be a significant channel for negative ion for-
mation in silane discharges.

The technique and the apparatus used in the present ex-
periments have been described earlier.” Briefly, the gas under
study is irradiated with a laser pulse which produces elec-
trons via multiphoton ionization; some of these electrons are
converted to negative ions via attachment. The negative ions
and the unattached electrons are separated from positive ions
resulting from photoionization using a three-electrode
configuration:® The laser pulse propagates between two of
the three electrodes and the negative or positive charges pro-
duced in the interaction region are extracted to the adjoining
detection region through a grid in the middle clectrode by
applying appropriately oriented electric fields in the two re-
gions. In the “negative mode,” signal components due to the
unattached electrons and negative ions can be distinguished
since they travel with different drift velocities; a “break” in
the signal wave form is easily seen (see Fig. 1) when the

Appl. Phys. Lett. 65 (20), 14 November 1994

81

0003-6951/94/65(20)/2571/3/$6.00

total pressure in the chamber exceeds ~0.1 kPa.

In the present experiments, silane (ionization threshold
~11.0 eV, Ref. 6) was irradiated with an ArF-excimer-laser
(wavelength=193 nm, photon energy=6.4 e¢V). In order to
keep the total pressure above 0.1 kPa, a 3.2% silane/nitrogen
gas mixture (ultrahigh purity from Matheson Gas Products)
was used. At the ArF laser intensities employed, N, (elec-
tronic excitation threshold ~8.4 eV’ ionization threshold
~15.8 eV, Ref. 7) did not absorb laser radiation.

Typical signal wave forms at three laser intensities, /,
are shown in Fig. 1. At low I [Fig. 1(a)], no appreciable
negative ion signal exists; this clearly shows electron attach-
ment to ground state silane during the electron drift was neg-
ligible. However, as [ is increased, higher fractions of pho-
toelectrons are converted to negative ions [Figs. 1(b) and
1(c)] due to the increase in the number density of the excited
species.

The dependence of the total signal, V., and the negative
ion signal, V,, on I is shown in a log—log plot in Fig. 2. The
Vr is the sum of V; and V, the signal due to unattached
electrons (also see Fig. 1). It must be noted that V; should be
proportional to the number density of electrons initially pro-
duced via laser photoionization, and some of them are at-
tached to excited species produced by the same laser pulse.

From Fig. 2, it is scen that V; increases as I (up to
~4x10* photons cm™2s™") indicating two-photon ioniza-
tion of silane as expected. At large I (>4x10%*
photons cm™2s™! for the data of Fig. 2), the slope of the
V() curve deviates from the quadratic dependence. This is
due to the incomplete collection of charges due to space-
charge effects.’ As in Ref. 5, corrections for space-charge
effects on V, and V, were carried out by forcing the total
signal to follow the quadratic dependence (broken line in
Fig. 2), and then calculating the “normalized” ion signal
assuming fractional transmission through the grid to be the
same for negative ions and electrons.’

It is seen from Fig. 2 that the measured (up to /~4X 10
photons cm ~2s7!) and “normalized” V; vary as I°. This is
consistent with negative ion formation via attachment of an
electron produced via two-photon ionization to an excited
molecule produced via two-photon excitation, viz.
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- FIG. 1. Typical signal wave

forms taken at different laser intensitics. The signals due to unattached electrons, Vg, were too fast to be digitized at the time

scales shown, and, thercfore, appear as vertical lines. The partial pressures of silane and nitrogen were 21.3 Pa with 0.67 kPa, respectively, and the applicd
electric field was 25 V em ™. A laser intensity value of 10** photons em™2s~2 corresponds to a fluence of ~10.2 mJ cm ™.

®
v

2hv+SiH,—SiH; +e,
2h v+ SiH,— SiHZ*,
e+SiH}* (or X)—negative ion+neutral radical. (3)

SiH* indicates an excited state of silane lying above its
jonization threshold called a superexcited state (SES),’ and X
denotes a possible electron attaching excited species pro-
duced indirectly via SES, (see below). The identities and the
relative abundances of negative ions produced are not
known; however, SiHj , SiH;, SiH™, Si”, and H™ are likely
candidates.’

Measurements conducted at different pressures, P, of
silane (with other parameters kept constant) showed that
V=P and V,<P?. The linear dependence of Vr on P is

108 g

RS Y

P=213Pa
Aexc = 193 nm ."
E=25Vem’

102

n

T

SIGNAL (mV)

SLOPE =2

10! |- SLOPE =4

[RIRII |

1( 10%® photons cm?s)

lfIG. 2. Laser intensity /, dependence of the measured total V7, and ncga-
tive jon V,, and normalized negative ion (V,), signals for the experimental
parameters indicated in the figure; nitrogen pressure was 0.67 kPa.
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consistent with initial electron production via photoioniza-
tion of silane. The quadratic dependence of V; on P confirms
that for each negative ion two silane molecales are needed,
one to produce the attaching electron and the second to pro-
duce the excited molecule.

It is possible that the electron attaching species is not a
SES of silane but either a comparatively low-lying electronic
state of silane populated indirectly (via internal conversion
or collisions), or an electronically excited fragment of silane
populated via dissociation of SES. Electron attachment to
ground state radicals can be ruled out since we did not ob-
serve an enhancement in negative jon formation with repeti-
tive pulsing of the laser (at 10-ms time delay). Negative ion
formation processes via an ion-pair process involving the
SES can also be ruled out since this should yield V,0<12P
instead of the observed dependence, V,=I*P>.

Electronically excited silane or its excited fragments can
be produced via electron impact in silane discharges. In the
case of silane/rare gas mixtures commonly used in deposi-
tion discharges, energy transfer from metastable states of the
rare gases will enhance those excited state populations; it
was recently shown?® that the metastable state number density
in an argon discharge decreased by more than an order of
magnitude when 4% silane was added to the discharge. Elec-
tron attachment to excited states populated in discharges may
in fact be of common occurrence; we have pointed out the
possibility of a similar mechanism for H™ formation in H,
discharges.q

Negative ions have been shown (see Refs. 1, 10, and 11,
and references therein) to be the likely precursors of particu-
late formation in gas discharges; also, there are some
indications'®!2 that negative ions may be involved in film
deposition. In the present experiments, the negative ion sig-
nal decreased rapidly when the applied electric field in the
interaction region was increased (as explained in Ref. 5, this
could be due to the field-induced electron detachment from
the transient parent negative ion). This effect may be observ-
able in rf discharges as well, for example, by applying a
static electric field superimposed on the rf field; if so, this
may lead to a better control of film quality and/or deposition
rate in silane discharges.
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6.3. Methane

We have directed our studies of electron attachment to electronically excited states of molecules
to the case of methane in view of its usage in many applications including plasma deposition of '
carbon films. We have observed enhanced electron attachment to ArF-excimer-laser irradiated
‘methane. Preliminary evidence has been obtained indicating that laser-excited superexcited states
of met_hane (or other excited states to which these convert) are responsible for the observed
enhanced attachment, and that predominantly H ions are produced via this process. These
findings and their possible significance for plasma processing discharges using metha-ne or its
mixtures have been outlined in a paper that has just been accepted for publication in Contributions

to Plasma Physics (pages 84-96).

Enhanced Negative Ion Formation in ArF-Laser-Irradiated Methane:
Possible Implications for Plasma Processing Discharges

Lal A. Pinnaduwage"?, Madhavi Z. Martin'?, and Loucas G. Christophorou™

'Health Sciences Research Division, Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge,
TN 37831-6122
’Department of Physics, University of Tennessee, Knoxville, TN 37996
*National Institute of Standards and Technology, Gaithersburg, MD 20899
Abstra

Observation of enhanced electron attachment to ArF-excimer-laser irradiated methane is
reported. Preliminary evidence is presented that laser-excited superexcited states of CH, (or other
excited states to which these convert) are responsible for the observed enhanced electron attachment,

and, that predominantly H' ions are produced via this process. The possible significance of this

process for plasma processing discharges using CH, and its mixtures is indicated.

84




I. INTRODUCTION

Methane has recently received much attention’due to its usage in plasma deposition of carbon
films (refs. 1, 2, 3, and references therein) and in diffuse discharge switches (refs. 3, 4, and references
therein). The mechanism(s) involved for carbon deposition in methane discharges is still far from
being clear [1,3], even though methane is one of the few gases used in plasma processing that have
reasonably complete sets of electron collision data [2,5]. —

The presence of high concentrations of negative ions in processing discharges and their effects
in such discharges have attracted attention of basic and applied researchers only recently (see the
references in [6]). In this paper, we wish to point out the possible importance of electron attachment
to electronically-excited states of methane in plasma processing discharges of methane and its
mixtures. Electron attachment to methane in its ground electronic state is extremely weak [2,7], |
having a maximum cross section of ~ 10" cm? (7] around 10 eV electron energy. Therefore, the
large number densities of negative ions that have been recently observed [8] ina CH/Ar discharge
could be due to enhanced electron attachment to highly-excited states of CH, produced in the

discharge. Such an efficient dissociative attachment process will not only produce large numbers of

negative ions but also complementary radicals.

II. EXPERIMENTAL

The experimental technique and the apparatus have been described in detail earlier [9], and will
be outlined briefly here: The experiments were conducted in an electron swarm apparatus at room
temperature and at pressures of 4-40 kPa. However, unlike in conventional electron swarm

experiments where electron attachment occurred during the drift of the electrons, in these
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experiments electron attachment to laser-excited molecules occurred within the duration of the laser
pulse (~ 10 s), see below and Ref. 9. In the experiments reported here, a single laser pulse excited,
by two-photon absorption, the CH, molecules to-an energy above the ionization threshold; this
process resulted in photoionization of CH, and the in the formation of superexcited states (SES); the
SéS are electroniczﬂly excited states of a molecule lying above the ionization threshold [9], and are
expected to have short lifetimes of < 10 s. The electrons resulted from photoionization of CH,
attached to the concomittantly produced SES or other excited states to which SES internally
converted.

The negative ions and the unattached electrons were separated from the positive ions (which
resulted from photoionization), using a three-electrode configuration [9]: The laser pulse propagated
between two of the three electrodes and the negative or positive charges produced in the interaction
region were extracted to the adjoining detection region through a grid in the middle electrode by
appropriately directed electric fields in the two regions. In the present experiments, the gap in the
interaction region was 1 c¢m; the “thickness” of the laser beam was ~ 0.1 cm and the distance from
the closest edge of the laser beam to the grid in the middle electrode was ~ 0.1 cm; the gap in the
detection region was 0.67 cm. The same electric field values were maintained in the interaction and
detection regions. In the “negative mode,” where negatively charged particles were monitored, signal
components due to the unattached electrons and negative ions could be distinguished since they
travelled with different drift velocities; a “break” in the signal wave form was easily seen (see Fig. 1)
when the total pressure in the chamber exceeded ~ 1 kPa.

In the present experiments, methane (ionization threshold <12.6 eV [10]) was irradiated with

the ArF line (wavelength = 193 nm, photon energy = 6.4 eV) from Lambda Physik Lextra 50 excimer
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laser (pulse duration ~ 10 ns (FWHM)). The energy of the lowest-excited singlet state of CH, is at
~8.5 eV [11], and thus a non-resonant, two-photon absorption process led to the excitation of CH,
above its ionization threshold. A uniform cross section of the laser output was reduced in cross
sectional area by a telescopic arrangement using two lenses of focal lengths 45 and 10 cm; over the
length of the interaction region (= 9 cm), the beam cross section was = 0.07 cm’. A fraction of the
laser energy was monitored using a beam splitter; the monitored energy was precalibrated against the
pulse energy in the interaction region. The signal wave forms were recorded with a Tektronix DG450
digitizer. Methane of quoted purity of 99.995% from Matheson Chemical Company was used in most
experiments; two other samples of CH, of 99.995% and 99.95% purity levels were shown to yield
consistent results. |

Typical signal wave forms for pure CH, at a pressure of 20 kPa are shown in Fig. 1(a) and Fig.
1(b). It must be noted that the electrons produced via laser photoionization (over a thin strip of ~
0.1 cm width) propagated as an electron swarm to the detection region; however, electron attachment
to laser-excited molecules occurred only within the laser-irradiated region immediately following the
laser pulse. At low laser intensities, excited state population was small and no significant negative
jon formation occurred as shown in Fig. 1(a). It is also clear from Fig. 1(a) that electron attachment
to ground state CH, during the drift of electrons in the interaction and detection regions was
negligible, consistent with previous electron attachment measurements an ground state CH, [2,7].

However, when the laser intensity was increased, significant negative ion signal appeared, as
shown in Fig. 1(b). Since the E/N values (E is the applied electric field and N is the gas number
density) was the same (~ S x 10" V cm?) for Fig. 1(a) and Fig. 1(b), the negative ion signal in Fig.

1(b) was entirely due to electron attachment to excited states produced by the laser pulse. Since the
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electrons moved out of the laser irradiated region (width ~ 0.1 cm) within ~ 5 x 10 s, electron
attachment to excited molecules must have occurred during that time. This provides an upper bound
for the electron attachment time; in fact, since we observed negative ion formation at an E/N value
of ~2 x 107 V cm? where the drift velocity of electrons is ~ 1 x 107 cm s, the electron attachment
time must be < 10* s. Therefore, this is an extremely efficient electron attachment process, similar
to electron attachment to SES of other molecules we have studied [6,9,12]. It is emphasized that the
electrons that did not attach during this time would to exposed only to unexcited, ground state CH,
molecules during their drift in the unirradiated regions, and thus will not contribute significantly to
negative ion formation (this is evident from Fig. 1(a)).

In previous studies [12,13] we had shown that ArF-excimer-laser irradiated H, yielded large
amounts of H ions. In order to check the identity of the negative ions produced in ArF-laser-
irradiated methane in the present high-pressure study, we conducted the following experiment: A
small amount of H, (0.48 kPa) was added to 20 kPa of CH ,; for the mixture, a negative ion signal
level comparable to that in Fig. 1(b) for pure CH, at 20 kPa was obtained at a lower laser intensity
since H' ions from H, also contributed. The resulted wave form for the mixture is shown in Fig. 1(c).
At the laser intensity of Fig. 1(c), the ion signal in pure CH, was less than half the ion signal of Fig.
1(c); thus, about half of the ion signal in Fig. 1(c) was due to H ions from H,. The drift times of the
negative ions in Fig. 1(b) and 1(c) are comparable (it was necessary to compare similar ion signal
levels, since the measured ion drift times depended on ;he signal strength due to space-charge effects
[13]). Ifthe negative ions due to CH, are heavier than H' (for example CH,, see Ref. 7), the added
H-ions due to H, should appear in the wave form in Fig. 1(c) at smaller drift times, i.e., two distinct

ion components should be present in Fig. 1(c). Since the drift times indicated by the wave forms in
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Fig. 1(b) and Fig. 1(c) are close, we conclude that predominantly H' ions are produced via electron
attachment to laser-excited CH,.

The dependence of the total signal, Vy, and the negative ion signal, V;, on Iis shown in a log-
log plot in Fig. 2. The Vis the sum of V; and Vg, the signal due to unattached electrons, see Fig. 1.
The V; should be proportional to the number density of electrons initially produced via laser
photoionization, and some of these electrons are converted to excited species produced by the same
laser pulse. Photoionization of CH, (ionization threshold ~ 12.6 V) should occur via a two-photon
process, and thus one would expect the slope of V vs. I curve for CH, on a log-log plot to be 2.
However, as seen in Fig. 2 the experimental curve for pure CH, had a slope of less than 2. This was
due to photoelectron emission at the grid by the laser pulse. When He (or N, or Ar) was added to
CH,, the photoemission decreased (due to the lowering of the E/N value) as expected and the Vy
curve for the mixture became closer to the expected curve of slope 2 as seen in Figure 2. It is
important to note that the negative ion signal for this CH,/He mixture was higher than that for pure
CH,. The reason for this is not clear and is being investigated. No such enhancement in ion signal
was observed when N, or Ar was added to CH‘; The V;in Fig. 2 increased as I*. This is consistent
with negative ion formation by attachment of an electron produced via two-photon ionization to an

excited molecule produced via two-photon excitation. Therefore, the following sequence of events

is consistent with the experimental observations:
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CH, + 2hv ~ CH, + e 10

CH, + 2hv ~ CH," )

CH,;" (or CH;) + e ~ H™ + CH, €))

where, CH," is a SES of CH,, and CH," is an excited state of CH, lying below SES.

Measurements conducted at different pressures, P, of CH, (with other parameters kept
constant) showed that V., « P and V; & P2 The linear dependence of V; on P is consistent with initial
electron production via photoionization of CH,. The quadratic dependence of V; on P confirms that
to form each negative ion, two CH, molecules are needed: one to produce the attaching electron and
the second to produce the excited molecule.

Since neither the lifetimes of the SES excited nor the two-photon excitation cross section for
CH, at the ArF laser line are known it is not possible to estimate a cross section for the electron
attachment processes involved. However, a lower limit for the cross section can be estimated as
follows: if we take a nominal value of 10’ cm* s™ for the nonresonant two-photon excitation cross
section for CH, at the ArF laser line, the maximum number density of SES produced by a laser pulse
of I~ 3 x 10* photons cm? s for the data of Fig. 2 would be ~ 10'2 ¢cm™. Now, if we assume that
the SES populated, or the species to which they converge following their formation (e.g., high
Rydberg states), do not decay during the passage of the electrons through the laser-irradiated area

(i.e, lifetime > 10* ), then for the data shown in Fig. 2 at I ~ 3 x 10 * photons cm 2 s !, an electron

90



attachment cross section of ~ 10" cm® is estimated. Therefore, it is highly unlikely that such a large
cross section can be associated with ground state radical; that may be produced via laser irradiation.
It is possible, but still not likely, that the observed electron attachment was due to low-lying excited
states of radicals produced via dissociation of the SES. We also note that, since the ionization
threshold of CH, is ~ 12.6 eV and since the two-photon energy for the ArF laser line is 12.8 eV, the

attaching electrons would have energies of <0.2 eV.

. IMPLICATIONS FOR PLASMA PROCESSING DISCHARGES

Large amounts of negative ions (of the same order of magnitude as positive ions) have been
extracted from radio frequency (rf) discharges of SiH, (see references in [6]), and of CF, [14]. Evén
though no such studies have been réported to our knowledge for CH, discharges, efficient H
formation was recently reported [8] for a CH,/Ar pin-hollow cathode discharge. All of the above
three molecules attach electrons weakly in their ground electronic states. We believe that electron
attachment to excited electronic states of these molecules is responsible for the observed efficient
negative ion formation in the above mentioned discharges.

In addition to the results of CH, presented here, we earlier reported enhanced electron
attachment to laser-excited SiH, [6]. In both cases, the responsible excited states are believed to be
SES or high-lying Rydberg states to which they decay. Even though the SES are believed to have
sub-ns lifetimes, the Rydberg states can have much longer lifetimes; independently of the lifetimes of
the attaching states the large number densities popuiated via laser excitation together with the
enormous electron attachment cross sections (> 107 cn?) associated with these states, made it

possible for electron attachment to occur [9]. It is unlikely that such high number densities of SES
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would be produced in processing discharges. However, it is quite likely that significant numbers of
highly-excited states (Rydberg states) lying just below the ionization threshold are populated in such
discharges. Such states can be populated via direct electron impact; in addition, in gas mixtures
involving rare gases energy transfer from metastable states of the rare gases will enhance those
excifed state populations {6]. Since highly—excited Rydberg stafes can have lifetimes in the us range
[15], it is possible that negative ions in these discharges originate mainly from electron attachment
to such highly-excited states.

Negative ions have been shown (see for example, Refs. 16-18) to be the likely precursors of
particulate formation in gas discharges. Therefore, particulate formation observed in processing
discharges using gases such as CH, and SiH, may have its origin in electron attachment to excited
states. By understanding the basic electron attachment process involved, it may be possible to control

particulate formation in such discharges.
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Fig. 2: Laser intensity, I, dependence of the measured total, V1, and negative ion V,, signals for the
experimental parameters indicated in the figure. The figure shows data for pure CH,

(circles) and for a mixture of CH, and He (squares).
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6 4. A Possible New Mechanism Involved in Nonuniform Field Breakdown in Gaseous Dielectrics

Even though the electrical breakdown of gases under uniform field conditions is fairly well
understood in terms of the Townsend breakdown theory, a consistent model for nonuniform field
breakdown is not available at present. The breakdown voltage estimated by the Townsend theory
for a nonuniform gap coincides with the corona onset voltage, but the actual breakdown may
occur at a higher voltage depending on the gas composition, gas pressure, electrode
configuration, etc.; this is called "corona stabilization." The existing electron attachment and
breakdown data, especially on the observation that under static or impulse nonuniform field
conditions certain additives (e.g., amines) with low ionization thresholds to an insulating gas (e.g.,
SF,) can increase the breakdown voltage over certain pressure ranges, have generally been
attributed to enhanced space charges introduced by the additive. However, recent studies suggest
that space charge effects cannot always explain the experimental observations. In a paper
published in the book gaseous Dielectrics VII (see Section 3), we explored the possibility that
efficient electron attachment to the highly excited states of the additive (produced via electron
impact) might be the reason for the enhanced stability. In particular, our measurements on
enhanced electron attachment to triethylanine which has been used as an additive in corona

stabilization experiments. seem to be consistent with this proposed mechanism.
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6. Review Papers

Parts of the research conducted under this contract have been reviewed in the following two

papers which are reproduced, respectively, as Appendix A and Appendix B.

1. L. G. Christophorou, L. A. Pinnaduwage, and P. G. Datskos, "Electron Attachment to Excited
Molecules," In Linking the Gaseous and the Condensed Phases of Matter: The Behavior of Slow
Electrons , L.G.Christophorou, E. Illenberger, and W. F. Schmidt (Eds.) NATO ASI Series,
Plenum Press, New York, 1994, pp.415-442.

2. L. G. Christophorou, R. Van Brunt, and J. Olthoff, "Fundamental Processes in Gas
Discharges," Invited lectures, In Proceedings of the Xith International Conference on Gas

Discharges and Their Applications, (In Press).
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L. G. Christophorou, L. A. Pinnaduwage, and P. G. Datskos, "Electron

Attachment to Excited Molecules," In Linking the Gaseous and the Condensed
Phases of Matter: The Behavior of Slow Electrons , L.G.Christophorou, E.

Illenberger, and W. F. Schmidt (Eds.) NATO ASI Series, Plenum Press, New
York, 1994, pp.415-442.
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ELECTRON ATTACHMENT TO EXCITED MOLECULES?

Loucas G. Christophorou, Lal A. Pinnaduwage, and Panos G. Datskos

Atomic, Molecular, and High Voltage Physics Group, Health and Safety Research
Division, Oak Ridge National Laboratory, Post Office Box 2008, Oak Ridge,
Tennessee 37831-6122, and Department of Physics, The University of Tennessee,
Knoxville, Tennessee, 37996

ABSTRACT

Studies on electron attachment to molecules rotationally/vibrationally excited thermally
or via infrared-laser excitation showed that the effect of internal energy of a molecule on its
electron attachment properties depends on the mode--dissociative or nondissociative--of
electron attachment. They quantified the effect of the internal energy of the molecule on the
rate of destruction (by autodissociation or by autodetachment) of its parent transient anion.
Generally, increases in ro-vibrational molecular energy increase the cross section for
dissociative electron attachment and decrease the effective cross section for parent anion
formation due mainly to increased autodetachment. These findings and their understanding
are discussed. A discussion is given, also, of recent investigations of electron attachment to
electronically excited molecules, especially photoenhanced dissociative electron attachment
to long- and short-lived excited electronic states of molecules produced directly or indirectly
by laser irradiation. These studies showed that the cross sections for dissociative electron
attachment to electronically excited molecules usually are many orders of magnitude larger
than those for the ground-state molecules. The new techniques that have been developed for
such studies are briefly described also.

'Research sponsored by the Office of Health and Environmental Research, U.S.
Department of Energy, under Contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc., and by the Wright Laboratory, U.S. Department of the Air Force under
Contract AF33615-92-C-2221 with the University of Tennessee, Knoxville, Tennessee,
37996.
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INTRODUCTION

Studies of electron attachment to ground-state molecules trace back many decades; they
led to significant knowledge on and to an understanding of the various electron attachment
processes and their dependence on molecular structure and the electron energy In
contrast, studies of electron attachment to "hot" (ro-vibrationally excited) molecules (e. g see
Refs. 4, 7, and 8 and subsequent discussion in this chapter) and especially to electronically
excited molecules (e.g., see Ref. 8, and later in this chapter) are more recent and more
limited; they have shown that the cross sections for electron attachment to molecules depend
rather strongly on the internal energy content of the molecules and in many instances are
exceedingly large (almost macroscopic!).

Studies of electron attachment to excited molecules are of fundamental significance (e.g.,
theory of collision processes and the structure of matter; energy loss mechanisms and cross
sections; plasma, electron, ion, and laser physics and chemistry; radiation and life sciences)
and of applied/technological significance (e.g., plasmas, lasers, gas discharges, pulsed power
switches, optogalvanic effects). Excited molecules are more reactive than are unexcited
molecules, making their effect on the properties of many systems significant even when their
number densities in such systems are small. The reason for the limited studies on electron
attachment to (and, in general, electron interactions with®) excited molecules is largely due
to the difficulty in producing sufficient numbers of excited molecules to study under
controlled experimental conditions, and to the often rapid dissociation of the excited
molecules.

ELECTRON ATTACHMENT TO VIBRATIONALLY/ROTATIONALLY EXCITED
MOLECULES AND THERMALLY-ENHANCED DETACHMENT FROM
POLYATOMIC NEGATIVE IONS

General Considerations

Electron attachment reactions depend strongly on both the kinetic energy, €, of the
attached electron and the structure and internal energy, <e€>, of the electron attaching
molecule.”™ As <e>,, is increased, delicate and often profound changes occur in the electron
attaching/detaching properties of the molecule which crucially depend on the molecule itself
and the mode (dissociative or nondissociative) of electron attachment (see Refs. 4 and 8 and
sources cited later in this chapter).

Within the resonance scattering theory of electron attachment, the electron e, of energy
€, is initially captured by the molecule AX--with a cross section 6,(€)--forming a transient
negative ion AX™ which, then, decays by attachment (A + X or AX") or autodetachment
(AX® + e), viz.,

A+ X" (1a)

e(e) + AX ——=> AX™

/
ag(e) \

AX® + e(€) (1b)
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, AX™ + energy (2a)
/
e(e) + AX —=> AX™
ag(€)
AX® + e(€) (2b)

where €'(<g) is the energy of the autodetached electron. The cross section for dissociative
electron attachment, 6, and for nondissociative electron attachment, G,,,, can be written,
respectively, as o,p and ©,'p’, where p and p’ are the probabilities, respectively, for AX~
to decay producing A + X, or to become stabilized producing AX".

For ground state molecules, the cross sections G, and G4, vary by over ten orders of
magnitude (from ~ 10 to > 10" cm?) depending on the molecule and the energy position
of the negative ion resonance*. Similarly, the autodetachment lifetimes of the isolated AX :
ions vary by over thirteen orders of magnitude (from ~ 10" to > 10? 5) (e.g,, see Refs. 1, 4,
7,and 9). As the internal energy of the molecule is increased, changes may occur in ¢, and
o, due to variations in the Fanck-Condon factors and the fact that as <g>y, is increased
electrons with lower energy can reach the negative ion state. These changes, however,
cannot explain the reported dependencies of the attachment cross sectionon T (e.g., see Refs.
4,17, 8, 10-24).

For the case of dissociative electron attachment, the reported increases in o, with
increasing T can be largely attributed to the increase of p (Eq. (1)) as T is inc:reased;"’d)a's'm'18
at elevated temperatures electron capture occurs over larger internuclear distances and larger
excited-vibrational-state amplitudes.

For the case of nondissociative electron attachment, the reported decreases in the cross
section G,,, (or the attachment rate constant, k,,,) have been attributed to a decrease in p’
(ie., increased autodetachment) as the anion's internal energy is increased™*'**. This,
however, requires further scrutiny (see later).

The autodetachment lifetime 1, of an isolated AX" metastable negative ion depends on
the negative ion state, the internal energy of AX", the electron affinity, EA, of AX, and the
electronic selection rules and Franck-Condon factors for the transition”®

AX™ —Cen AX™) 4 ¢ 3

Direct measurements of T, for reaction (3) as a function of the energy of the captured
electron that led to the formation of AX™ have shown that 1, decreases with € (e.g., see Ref.
9). In many high-pressure (swarm) experiments, however, AX " is effectively stabilized by
collisions yielding AX" (reaction (2a)) predominantly in its lowest state of excitation. In such
cases the observed apparent decrease in o, (or k,,,) with T is due to the enhanced
probability of autodetachment via the reaction

AX™ + heat —=>AX + ¢ CY)
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The internal energy of polyatomic negative ions is appreciable even at temperatures within
a few hundred degrees above ambient and reaction (4) becomes significant--especially when
the EA is small (< 0.5 eV)--influencing the measured apparent electron attachment (see later
and Refs. 19, 21, and 22).

The techniques that have been employed for such studies are conventional electron
swarm methods with provisions for heating and temperature control and measurement' 4%,
and electron impact mass spectrometers with similar provisions'*'%; measurements dealing
only with thermal electron attachment were also made using the flowing afterglow/Langmuir
probe technique (e.g., see Refs. 20 and 23). Heating is, of course, the easiest way to
increase the internal energy of AX (and AX"), but the resultant ro-vibrational excitation is
nonselective. There have been only very few studies which employed selective vibrational
excitation of molecules prior to electron attachment, using almost exclusively infrared CO,
lasers®?®. A swarm technique which allows simultaneous determination of the effect of T
on both the electron attachment and the electron detachment process has recently been
developed and is discussed below.

Dissociative Electron Attachment to ""Hot" Molecules

Techniques. As we mentioned above, conventional electron impact mass spectrometers
and electron swarm techniques have been employed for the study of dissociative electron
attachment to "hot" molecules. The principle of the former is illustrated in Fig. 1. In this
particular arrangement, a trochoidal monochrometer is used to produce the monoenergetic
electron beam which, subsequently, collides with the excited ("hot") molecules in the iridium
chamber. The resulting negative ions were extracted at right angles into a quadrupole mass
spectrometer where they are mass analyzed and detected. Temperatures of up to ~ 1200 K
were reached in these studies.

COLLECTOR
IRIDIUM OVEN= — vl

Fl ELECTRON IMPACT MASS SPECTROMETER

Figure 1.  Schematic of an electron impact mass spectrometerm.

In Fig. 2 is depicted the principle of two electron swarm techniques which have been
employed in studies of electron attachment to hot molecules. As is well known'*, in electron
swarm experiments one deals with high pressures. Electrons are generated in various ways
in a plane parallel to the two electrodes (see Fig. 2); they quickly (within a few ns,
depending on the gas and its density) attain an equilibrium energy distribution f(e, E/N, T)
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Figure 2.  Schematic illustrating the principles of two electron swarm techniques (see the text).

(which depends on the gas, the applied density-reduced electric field E/N and the
temperature) and drift, as a swarm, to the anode. As they drift, a fraction is removed from
the electron swarm by attachment. The number of electrons removed is measured as a
function of E/N (or the mean energy <e>) and T, and is used to determine k. (<e>,T) from
which the attachment cross section o, (€,T) is calculated™. The various swarm methods
differ in the way the initial electrons are produced and the way in which their number is
monitored as the swarm drifts to and is collected at the anode!™.

In Fig. 2a is shown the principle of the "pulse-shape swarm technique" used extensively
by the Oak Ridge National Laboratory group. It is based on the fact that electron attachment
modifies appreciably the shape of pulses obtained in ionization chambers. The electron
swarm"?® (of about 5x10° electrons) is produced at a distance d, from the cathode every time
an o-particle passes through the gas. The a-particle is emitted from a radioactive source
(e.g., Cfm) contained in the inner edge of a ring-shaped electrode situated at a distance d,
from the cathode and at an equipotential. The electron swarm drifts a distance d, before
reaching the anode. The peak in the induced voltage in the anode electrode is observed
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through a linear pulse amplifier (which has a known response 10 a step function) with a
multichannel analyzer. At each value of E/N and T this is done for the pure buffer gas
(normally Ar or Nz)l'4 and then again for a mixture of a small quantity of the attaching gas
and the buffer gas. From the ratio of the maxima of the pulses due to the induced voltages
(see schematic in Fig. 2a) for the two cases, k, (E/N,T) is determined and from an
independent knowledge of Ae,E/N,T), 6,(e,T) is calculated"'"""*. The measured rates and
cross sections are total, since no mass analysis is possible in these experiments.

The schematic diagram in Fig. 2b shows the principle of the pulsed Townsend technique
which has also been used by the ORNL group for electron-"hot" molecule studies”?’. Here
a small number of electrons (<10° electrons/cm”) is generated photoelectrically at the cathode
with a short (< 1 ns) UV laser pulse. The photoelectrons quickly reach a steady state and
drift--as a swarm--to the anode under E/N. In the presence of electron attachment, the
voltage induced in the anode circuit as a function of time (t = 0 = firing of the laser pulse)
is as shown schematically in Fig. 2b, i.., it consists of an initial fast rise due to the
unattached electrons and a subsequent slow rise due to the slow-moving negative ions. If
N, and N; are, respectively, the number of electrons and negative ions reaching the anode and
V. and V,, are, respectively, the saturated values of the induced voltage due to the motion

of electrons and negative ions, then

N_+N; V, +V, nd
EINT) = —— = = = (5)
RAEIN.T) N, -V, 1-exp(-nd)

where d is the drift gap and N(E/N,T) is the unnormalized electron attachment coefficient.
From the measured R,(E/N,T), the n(E/N,T) is determined by an iterative procedure. The
total electron attachment rate constant is, then, determined from

n(E/N,D)w (E/N.T)
N

a

k, (EIN,T) = 6)

where w,(E/N,T) is the electron drift velocity and N, is the attaching gas number density.

Representative recent measurements. The rate constant/cross section for dissociative
electron attachment generally increases with increasing <e>, of the molecule, but the
relative increase varies depending on the particular molecule and the position of the negative
ion state above the v = 0 level of the neutral molecule. This has been shown for both
diatomic (e.g., see Refs. 4, 10, 15-18) and polyatomic (e.g., see Refs. 4, 8, 11-14) molecules.
As T increases the probability, p, for reaction (1b) increases profoundly; the transient ion
AX" dissociates faster into A+X". In Figs. 3 and 4 are shown two recent examples for
polyatomic molecules. The variation of kg, and 6,, with <e>, for these two molecules and
for the diatomic molecules HCI and DCI are shown in Fig. 5. The <e>,, for the polyatomic

molecules was determined">!* by using the expression

N he,
<e>,, =<e> (T) = Z —o @
=1 ¢ 11 -1

where h, are the vibrational frequencies of the neutral molecule. The use of Eq. (7) to
determine <e>,, reglects the contribution from rotational excitation and takes the internal
energy of the molecule to be mainly due to the vibrational excitation above the zero-point
energy. The effect of rotational excitation can be seen from the data in Fig. Sc.
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Nondissociative Electron Attachment to "Hot" Molecules and Thermally-Enhanced
Detachment From Polyatomic Negative Ions

While the rate constants/cross sections for dissociative electron attachment to molecules,
as a rule, increase with increasing T, just the opposite behavior has been reported for the
nondissociative electron attachment reaction (2). The rate constant/cross section for
nondissociative electron attachment has been found to decrease with increasing T for a
number of molecules (e.g., see Refs. 4,7, 8, 19-222). An example of this type of behavior
is shown in Fig. 6 for the C4Fs molecule which at low electron energies (< 1 eV) forms long-
lived (1, > 107 s) parent negative ions (see Ref. 19a). The decrease in k, (<e>,T) with
increasing T has been attributed to an increase in p’ and/or a decrease in ¢, as T increases.
As will be discussed below, however, at the high pressures these swarm measurements were
made, the long-lived transient anion AX" is stabilized by collision, and subsequeantudies22
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Figure 5. (a) k, vs <e>,, for CH,Br at a number of mean electron energies <e> (from Ref. 14b); (b)
Variation of the peak Cross section Oy, (Eg.) for SOF, with <e>;, (from Ref. 13); (C) O (v,j)/04(v=0,
j=0) versus internal energy for HCUDCL: error bars (experiment)'®; o (HCI, v, j=0); o (DCL; v, j=0); B
(v=0, j) (calculation for 25 meV above the respective thermodynamic threshold™).

showed that the detachment process affects the measurement of k, as it is conducted in the
traditional swarm experimentslg“. For this reason the data in Fig. 6--and similar other work--
represent apparent values of k, which are influenced by the measurement technique itself.

Recently we employed a new technique via which the effect of T on both the electron
attachment and the electron detachment processes can be studied and quantified. This
technique is decribed below.

The time-resolved electron swarm technique. This technique allows information on
electron attachment and detachment processes to be obtained simultaneously from an analysis
of transient electron waveforms. Its principle is shown in Fig. 7. The electron swarm is
produced by a narrow (~ 6 X 10" s) N, laser pulse which strikes the cathode electrode
through a hole in the anode electrode. The electrons drift to the anode under the influence
of an applied electric field. As they drift a fraction is removed by attachment forming
unstable negative ions which are quickly stabilized, by collision with the buffer gas, forming
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stable negative ions (M" in Fig. 7). These stabilized anions are subsequently thermally
autodetached giving rise to delayed electrons. The motion of those electrons which reach
the anode without ever been attached ("prompt” electrons) and those electrons which have
been captured and then thermally released ("delayed” electrons) induces a current in the
anode circuit which is observed through a 50 € resistor to the ground. (For the ps time
scales of interest here, the current is solely from the electrons; the contribution from the
slowly m2<6)ving negative ions is negligible and can be neglected). The electron current is
given by
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Figure 6. Electron attachment rate constant for C¢F; in N, buffer gas as a function of the mean electron
energy at various temperatures (from Ref. 19a).

where w, and w; are the electron and ion drift velocities, d is the drift distance and p, (x,t)
is the electron number density given by26

[4

p Xt =

n 1 (x—wg 1 (x—wet
exp [-— + =
We™Wi - I \We™W; Ly \We™W;

2
(We -Wi)

1 x-wt
tt, wi-x

®

1

wi-x 1
x14 + (w, t-x) (x-w; 0
w,-W; t, 4
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Figure 7. Schematic diagram of the experimental set-up of the time-resolved electron swarm technique
(see the text and Ref. 22).

where n, is the initial electron number density (at x=0), t,* and t"* are, respectively, the
electron attachment and detachment frequencies, 8{(wt-x)/(w.-w;)] is a delta function and
I, is the first order modified Bessel function. Figure 8 shows an example of the recorded
waveforms as they were obtained for C;Fs. The evolution of the autodetachment process
as T is increased is clearly evident. The solid curves (curve 2 in Fig. 8f) are the measured
waveforms. The dotted curves (curve 3 in Fig. 8f) represent the contribution to the total
electron current when no autodetachment occurs, i.e., when all electrons reaching the anode
are prompt. The difference between the total electron current (solid curves) and the dotted
curves represents the contribution of the autodetached ("delayed") electrons; this is

represented by the dashed curves (curve 4 in Fig. 8f). As T is increased this contribution
becomes increasingly more significant; the parent anions autodetach faster.

From such recorded electron current waveforms the t,* and t;* are obtained--at each T--
using a nonlinear least squares fit. The k,, is, then, obtained from
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by = t;v (10)

Nondissociative electron attachment to "hot"_molecules/thermally-induced detachment
from polyatomic negative ions. The technique described in the preceding section has been
applied to the study of C¢F; (Ref. 22a) and c-C,F; (Ref. 22b). In Fig. 9 is given the
measured k,(<e>) for C¢F; at various T. Indeed while increases in T affect the k (<e>), the
changes are not as profound as indicated by the earlier studies (Fig. 6). The k,(<e>) first
increases slighly with increasing T and then decreases. This behavior is seen better in Fig.
10a where k, is plotted as a function of <e>,, for fixed values of the mean electron energy.
The <e>,, (T) was determined®?* by assuming that the vibrational frequencies of the anion
and the neutral molecule are the same and using published vibrational frequencies for the
neutral molecule and Eq. (7). The rather weak dependence of k, on T suggests that ¢,’ (as
C,) is not a strong function of T. In contrast to this small effect, temperature enhances
dramatically the autodetachment of C¢F; (reaction (4)). This is clearly shown in Fig. 10b
where the autodetachment frequency t,” is seen to increase sharply with increasing <e>,,
(the corresponding range of T is 450-575 K).
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Datskos et al.”?* assumed that the autodetachment process has an activation energy E’
and that t;" is related to T by

1 = A e EW an

where A is a constant. From a plot of In(t,") as a function of T (Fig. 11) they obtained a
value of E” equal to 0.477 eV for thermal electrons (<€> — 3/2 kT) and for completely
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Figure 11. Autodetachment frequency, t;' (for <e> — 3/2 kT) for C,F, as a function of 1/T. The open
circles are for Ny — o and the closed circles for Ny = 1.61 x 10" molecules cm?. Also plotted in the
figure are the t;" data of Ref. 28 extracted from Fig. 9 of that paper. The slope of the solid line through

their data corresponds to an E” of 0.603 eV. The broken line through their data corresponds to an E” value
of 0.52 eV which is the value reported by Ref. 27 for the EA of C,F, [from Ref. 22a].

stabilized C¢F¢ (i.e., for total pressure Ny — o). This value of E” would correspond to the
case where virtually all negative ions reach the ground electronic state of the neutral
molecule adiabatically from the lowest internal energy state of CiF,. It should, thus,
compare well--as indeed it does-- with the electron affinity (EA) value of 0.52 eV reported
for C(Fs by Chowdhury et al.”’ Both of these values were basically determined by looking
at the autodetachment reaction (4): that of Ref. 22a by monitoring the autodetached electrons
at microsecond and sub-microsecond times and that of Ref. 27 by monitoring the decline of
the negative ion number density as a function of time at long (ms) time scales.
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ELECTRON ATTACHMENT TO ELECTRONICALLY EXCITED MOLECULES

In this section we shall describe briefly recent work on the dissociative attachment of
slow electrons to electronically excited molecules prepared by laser light prior to or
concomitantly with the generation of the attaching electrons. For these studies new
techniques have been devised and are briefly discussed later in this section.

We shall separate these studies into two groups. The first group deals with metastable,
long-lived (lifetimes > 107 s) electronic states produced directly or indirectly (via internal
conversion and intersystem crossing from higher-lying excited states initially reached by
photoexcitation) by single or multiphoton light absorption, viz.

AX? + e

/ 12)
\ A+X

The second group involves short-lived (< 10 s) or very short-lived (superexcited) electronic
states

nhv(nz1) + AX - AX® —%= AX*"

AX™ + e

_— 13
\

The excited AX" and superexcited AX™ molecules may dissociate into vibrationally or
electronically excited neutral fragments. Studles of electron attachment to vibrationally
excited photofragments have been reported ® but, to our knowledge, electron attachment
to electronically excited photofragments has not been observed to date.

Prior to discussing the results of these recent studies, it is important to note that electron
capture accompanied by simultaneous electronic excitation of the molecule--thus leading to
two electrons in normally unfilled molecular orbitals (MOs)--has long been known to
manifest itself as resonances in dissociative electron attachment and in electron
scatteringM‘BO. They can be represented by the reaction

nhv(n>1) + AX - AX™* =% AX**"

A+ X

AX® 1+ e

— (14)
\

That is, their production involves concomitant electronic excitation of the molecule AX by
the "fast" electron e, which--having lost virtually all of its kinetic energy to exciting
electronically the molecule--is "thermalized" in the very vicinity of the electronically excited
molecule it produced and is quickly captured by it with a large cross section. The unstable
anion AX" normally decays very quickly (within < 10"* s) by autodetachment andlor
autodissociation. It has, however, been found that in certain cases [e.g., p- -benzoquinone®
aromatic hydrocarbon molecules with electron affinities > 0.5 eV (Ref. 32)] the mtermedxate
AX" lives long enough (> 10% s) to be detected directly as a parent anion in conventional
mass spectrometers. This accounts’ > for the observation of negative ion resonances due
to long-lived parent negative ions at electron energies well above thermal and with much
larger cross sections than at thermal energies.

e + AX —=>[AX"----¢] —=AX""

A+ X
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Experimental Techniques

The observation of electron attachment to electronically excited molecules requires
production of an appreciable number of excited molecules and conditions such that electron
attachment to the excited molecules occurs within their lifetimes. Since the electronically
excited states of most molecules lie a few eV above the ground state, the excimer laser lines
are ideal for these studies. With the availability of pulse energies of ~ 100 mJ in 10-20 ns
pulses at the XeF (355 nm, 3.5 eV), XeCl (308 nm, 4.0 eV), KrF (248 nm, 5.0 eV), and ArF
(193 nm, 6.4 eV), these lines can produce appreciable quantities of low-lying excited states
with monophotonic excitation or high-lying excited states with 2- or 3-photon excitation.

With the availability of a dye laser pumped by an excimer laser at the XeCl line, wavelength
tunability can be obtained from 320 to ~ 1000 nm with pulse energies of ~ 10 mJ.

Depending on the lifetime of the excited state under study, a number of techniques have
been developed*” 44042 for electron attachment studies using pulsed lasers. Those techniques
that have been developed by the authors are briefly described below.

Measurements_on long-lived (t > 10°_s) excited states using high-pressure swarm
experiments with pulsed lasers. If the lifetime of the excited state under relatively high
ambient pressures (1 - 100 kPa) is longer than ~ 107 s, the experimental arrangement®>
shown in Fig. 12 can be employed. The technique is based on the pulsed Townsend method
described earlier’>?. Depending on the absorption coefficient at the particular laser
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Figure 12. Schematic electrode-laser pulse(s) arrangements used in studies of photoenhanced electron
attachment to long-lived (lifetime > 10° s) electronically excited molecules (see the text and Ref. 34).
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wavelength involved, 0.1 to 100 Pa of the gas under study is mixed with a suitable buffer
gas (usually N, or Ar) of high pressure (1-100 kPa). In Fig. 12a, a laser pulse enters the
interaction region through the gridded bottom electrode, excites the molecules in the
interation region, and produces a pulse (or swarm) of electrons at the top electrode. The
electron swarm reaches a known steady-state energy distribution within < 10® s, and drifts
through the partially excited gas. The drift time taken by the electrons to reach the bottom
electrode is < 10°° s, and thus electron attachment to the excited molecules can take place if
the lifetime Of the excited molecules is > 107 s.

The arrangement of Fig. 12b is an improved version of that in Fig. 12a. The production
of excited species is decoupled from that of the attaching electrons by using two lasers as
shown; thus the time delay between the production of the excited species and the arrival of
the attaching electrons in the interaction region can be varied. Furthermore, the use of three
electrodes for separating the interaction and the detection regions allows the detection of
negatively charged particles unambiguously; by applying suitably oriented electric fields, only
the negative charges can be extracted to the bottom detection region through a grid in the
middle electrode. This is crucial if positive ions are simultaneously produced (via laser
photoionization in the interaction region). However, no direct identification of the negative
jons can be made in these experiments although indirect anion identification is possible under
certain conditions™.

Measurements on long-lived (t > 10” s) excited states using electron beam ex eriments
with pulsed lasers. Most excited molecular electronic states undergo collisional destruction
in a high pressure environment. If the lifetime of such excited states becomes < 107 s, the
experimental arrangement described in the previous section would not be suitable. Instead,
an electron beam apparatus such as shown in Fig. 13 (Ref. 36) can be used to conduct
measurements under isolated conditions (pressure < 10 Pa) where the excited-state lifetime
is essentially the radiative lifetime. However, the number of excited species in the collision
region is determined by the diffusion of excited molecules out of the collision region (see
below and Ref. 36). In the experimental arrangement in Fig. 13 a continuous effusive
molecular beam is crossed at right angles with a continuous electron beam (energy resolution
~ 0.1 eV) and a pulsed laser beam, inside a vacuum chamber of base pressure ~ 10° Pa. The
negative ions produced in the interaction region are drawn out by a weak electric field (~ 2
V cm™) into a quadrupole mass filter and the mass analysed ions are detected with a
secondary electron multiplier.

Since the excimer lasers normally used for these experiments have pulse repetition rates
of ~ 100 Hz (time delay between consecutive pulses ~ 10* ps), it is important to selectively
detect negative ions arriving at the detector within a particular gate time after a preset delay
from each laser pulse. The gate delay is associated with the time taken by the (laser-
initiated) negative ions to arrive at the detector, and the gate time should be < minimum
{7,7,}, where T is the lifetime of the excited molecules and 1, is the time taken by the excited
molecules to diffuse out of the interaction region 3,

Measurements on short-lived (T < 10% s) excited states. In order to measure electron
attachment to short-lived excited species of lifetime T produced via a laser pulse of duration
7., the electron attachment time, T, must be?

t, < max {t,t,} (15)

i.e., electron attachment must occur before the decay of the excited species. For 7 > 1, this
upper limit is dictated by T, since excited species are continuously being produced within the
duration of the laser pulse. Therefore, in order to observe electron attachment to short-lived
species (t < 10® s) produced by excimer lasers (7, ~ 10 s), the T, must be < 10% s.
Fortunately, the electron attachment cross sections are orders of magnitude larger for the
excited states compared to the corresponding ground states making T short.
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Figure 13. Schematic diagram of an electron spectrometer/mass spectrometer/laser experimental set up and
the gate/delay arrangement employed to study electron attachment to electronically excited SO, molecules
(see the text and Ref. 36).

A technique has been developedz'3 to measure electron attachment to short-lived species
in a high-pressure (1-50 kPa) environment. The basic idea behind this technique is to
produce the excited species and the attaching electrons (via photoionization of the same gas
under study or a suitable additive gas) by a single laser pulse (see Fig. 14). Since the
excited species and the electrons are produced in close proximity,--depending on the number
density and the electron attachment cross section of the excited species--electron attachment
can occur in spite of the short 1.

Since in these arrangements positive ions are also produced by photoionization, an
inherent requirement of the method is the ability to separate and to detect negative charges
(electrons and negative ions) unambiguously. As shown in Fig. 14, this is accomplished by
separating the detection region (located between electrodes 2 and 3) from the interaction
region (located between electrodes 1 and 2) in a three-electrode arrangement. Charge
transmission between the two regions is through a fine grid, which, also, electrically shields
the two regions from each other. By applying suitable electric fields in the two regions
either positive or negative charges can be extracted to the detection region. In the case of
negative charges, the signal components due to electrons and negative ions are distinguished
due to the different drift velocities; a "break” in the signal waveform could be easily seen®>?’
when the total pressure in the chamber exceeded ~ 0.1 kPa.
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Figure 14. (a) Schematic diagram showing the principle of the technique used to measure electron
attachment to short-lived (lifetimes < 10°® s) excited states, and (b) schematic drawing of a typical signal
waveform (see the text and Ref. 33).

Dissociative Electron Attachment to Metastable (1 > 10 s) States

Singlet Oxygen. Electron attachment measurements on pre-prepared electronically-
excited molecules was first carried out’® on the low-lying (excitation energy ~ 1 eV),
extremely long-lived (lifetime ~ 2700 s) a ‘As state of O,. An electron beam apparatus was
employed and the excited molecules produced in a microwave discharge were introduced to
the interaction region via a Pyrex tubing; due to the long lifetime of the a A, state, the other
aspects of the experiment were the same as for ground state molecules. The cross section
for O production via the O, (I1,) state was shown to be ~ 3-4 times larger for the a'A, state
compared to the 32‘.8' ground state. Two additional O production channels [via the O, 22,;)
state] involving the a 'A, state were found and studied in two subsequent studies®*. In Fig.
15 are shown the measured*® cross sections for O from the ground state ’z, of O, via the
negative ion state *I1, and from the excited state a ‘A, of O, via the negative ion states T,

and X",
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section for the production of O from singlet O, via the IT, and Z,” negative ion states with that for O
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First excited triplet state of thiophenol. The first observauon of optically enhanced
electron attachment to electronically excited states was reported ! for the first excited
triplet state, T, of thiophenol (PhSH) using the technique described earlier (Fig. 12a). This
state is located ~ 4 eV above the ground state and has a lifetime of ~ 6 ms; it was excited
indirectly (via internal conversion (IC) and intersystem crossing (ISC) from higher optically
allowed states, S,) using the 248 nm KrF excimer laser line:

PhSH + hv(KrF) —> PhSH'(S)) (optically-allowed)

PrSH*(S) —IC = prsH*(S) —8C PrsH(T) (16)
~10%3 s ~10"1-10% s

The measured electron attachment coefficient, 1//N,, for the ground and the excited state
is shown in Fig. 16: data for curve 1 are for the ground state molecule and were obtained
in a separate experiment without using lasers; curve 2 was obtained with 308 nm XeCl
excimer laser line and yielded ground state attachment data (the photon energy is 4 eV at the
XeCl line and lies below the first excited singlet state S, of PhSH); curve 3 was obtained
using the KrF line and shows a large enhancement in electron attachment especially at low
E/N values (low electron energy). Since only ~ 1 percent of the molecules are excited by a
laser pulse, the actual enhancement in electron attachment at thermal energies was shown 34
to be ~ 10°. This enhancement was attributed to the dissociative electron attachment to the
-PhSH(T,) state produced indirectly via (16).

The curves 4-7 of Fig. 16 show the measured /N, for a double laser pulse experiment
where the gas was irradiated with one pulse and electron attachment was measured 12 S ms
later when the attaching electrons were produced by a second similar laser pulse This
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Figure 16. Electron attachment coefficient N/N, versus E/N for C;H;SH in N, for the ground-state (curves
1 and 2) and the first-excited triplet state (curve 3) molecules. Curves 4-7 are photoenhanced attachment
due to stable photoproducts formed in a double laser-pulse experiment [see the text and Refs. 34 and 41).

delayed photoenhanced attachment was studied in detail®* and was shown to be due to

electron attachment to diphenyl disulfide (C;H;SSCHs) produced by the interaction of
thiophenoxy radicals (C¢HsS") formed directly or indirectly via the first laser pulse.

The AE* state of NO. In this study a pulsed molecular beam was allowed to interact
simultaneously with a beam of low energy electrons and a pulsed tunable laser beam*2. The
detector signal was measured with a gated integrator. As the laser wavelength was scanned
several peaks appeared for the mass-resolved O signal in the wavelength range 226-227 nm.
The wavelengths at which this enhancement occurred was shown to correspond to the (0,0)
band of the AZZ* - X 1 band system of NO; thus, the photonenhanced signal was attributed
to dissociative electron attachment to the A’Z* (v = o) state of NO. The cross section for
this process was estimated*? to be at least a factor of ten greater than the maximum cross
section for the ground state, which is 107® cm® at 8.1 eV.

First excited triplet states of p-benzoguinone and its methylated derivatives. This study
was conducted®’ using an electron capture detector (ECD) with a xenon arc lamp as the
excitation light source; a monochrometer of 20 nm bandwidth was used for wavelength
selection. The ECD current was monitored during the gas chromatographic (GC)
introduction of the compound of interest with and without light irradiation. The ECD
response was simply the decrease in current due to electron attachment.

Similar to the study on PhSH(T,) described earlier, the first excited triplet states of p-
benzoquinone and its methylated derivatives were populated indirectly via higher-lying,
optically-allowed singlet states. The lifetimes of the first excited triplet states of these
molecules were ~ 30 ps and were independent of the pressure of the buffer gases argon or
nitrogen employed. The estimated enhancement®? in electron attachment was 10° to 107
which is quite similar to the enhancement estimated for PhASH(T,) compared to the ground
state.

Low-lying electronically-excited states of SO,. Recently an electron attachment study36
on XeCl-laser-irradiated SO, was conducted using the electron beam technique outlined
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earlier (Fig. 13). This investigation identified many of the experimental difficulties
associated with electron beam studies of electron attachment to electronically-excited
molecules, and illustrated how to overcome such difficulties and extract the relevant
information on electron attachment to excited species36.

Previous electron beam exp(=,rimentsl'4'44 on the ground electronic state of SO, have
established the following dissociative attachment channels:

S ()
O™+ 80 45573 (17a)

e + SO, (X'4)) —=>50;" SO"+0 485 (17h)

~

where &,,, indicates the electron energies at the peak values of electron attachment cross
sections. The maximum cross section for O formation (17a) was 2.46 x 10 cm? at 4.55
ev.

In the experiments of Ref. 36, enhanced O formation due to XeCl laser irradiation was
studied in detail (enhanced SO™ and §” formation was also observed). Figure 17a shows the
O ion yield (monitored continuously) in the absence of laser irradiation, where the peaks due
to the ground state process (17a above) can be clearly seen. Figure 17b shows the O signal
with the laser on (laser repetition rate ~ 150 Hz) and with other conditions kept the same as
for Fig. 17a; while the ground state process has not significantly changed, the laser-induced
signal at electron energy of < 0.5 eV can hardly be seen without 100-fold amplification.
This is due to the discrimination of the photoenhanced signal against the ground state signal
by more than a factor of 1000: the ground state process generated O continuously while the
photoenhanced process contributed only during a few ps per each laser pulse. This short
time window available for electrons to interact with excited molecules is due to two factors,
(i) decay of excited states, and (ii) the escape of excited states from the interaction region;
the actual time available for collisions is the smaller of these two times. This was confirmed
in an expeﬁment36 where the photoenhanced O signal was detected only during a 1 ps gate
time following different time delays from the firing of the laser. Even though the lifetimes
of the relevant excited states were > 50 ps (see below), the photoenhanced signal prevailed
only for ~ 4.5 ps following the firing of the laser; this compared well with the estimated>®
“escape time" of ~ 4 ps.

When gated experiments were conducted where the O signal was detected only for a
few ps following each laser pulse (with laser beam blocked and unblocked) the
photoenhanced signal became more prominent, see the solid line of Fig. 17¢; when this
experimental curve was corrected for the variation of the electron beam current with electron
energy, the dotted line of Fig. 17c was obtained. However, since only a fraction of SO,
molecules are excited by each laser pulse, the photoenhanced signal shown by the dotted line
is still not a good presentation of the actual enhancement. The peak cross section for the
photoenhanced O formation was estimated*® to be at least 2 orders of magnitude larger than
the peak cross section (2.46 x 10™® cm?) for O formation from the ground state.

This observed photoenhanced O signal from XeCl-laser-irradiated SO, was attributed to
the reaction:

$"+0, 4274 (170
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Figure 17. Relative cross section for the production of O” from SO, as a function of the electron energy.
(a) Ground state SO, (laser off). (b) Ground and excited SO,; laser on (308 nm XeCl excimer laser) but no
gating; (c) as in (b), but with a gate of 10 s and a time delay (between the firing of the laser and the
negative ion detection) of 3 ps: (-—) experimental data; (---¢) experimental data corrected for the
variation of the electron current with energy and normalized at 8 eV (see the text and Ref. 36).

436
121




0'+ SO
5
> 3
§ -+
2
w E(hV) 4.2
-4 1
___________________ 0

O Yield

Distance SO-0O

Figure 18. Schematic potential energy diagrams illustrating electron attachment to ground SO, and
electronically excited SO, (see the text and Ref. 36).

hv(308nm) + SO,——= SO; (1B, or'A,) 205N o g0 0" + SO (18)

i.e., dissociative electron attachment to the 'B, or 'A, states of SO, with lifetimes 50 and 80-
530 us respectlvely . Figure 18 shows a schemauc potential energy diagram illustrating

electron attachment to SO2 and electronically-excited SO,". The electron energy required for
the transition from SO," to SO, is small, and thus the photoenhanced signal (shaded region
of Fig. 18) appears at close to zero energy. The photoenhanced resonance 1s also narrower,
due to the change in the eqmlhbrmm distance for SO," compared to 802 .

SO, is a "Douglas molecule,” S and along with other such molecules (e.g., CS,, NO,) are
good candidates to study since they have long-lived electronically-excited states which do
not readily dissociate when excited by easily available laser wavelengths.

Dissociative Electron Attachment to Short-Lived (t < 10 s) States

Very efficient electron attachment to superexcited states, SESs, (electronicall A excited
states lying above the first ionization threshold of molecules) was also reported™. Even
though these highly energy rich states are short-lived, the presence of low-energy electrons
in their close vicinity together with their implied extraordinarily large cross sections for
electron attachment make it possible for electron attachment to occur within the short
lifetimes of the SESs.

Triethylamine. This and other methylated amine compounds do not attach electrons
significantly in their ground electronic states (electron attachment rate constants < 10! cm?
s at electron energies < 1 eV). However, with excimer laser irradiation (at the KrF, KrCl,
and ArF lines) efficient negative xon formation was observed in these compounds. Based
on extensive experimental studies> on the dependencies of the total (electron plus negative
ion) and negative ion signals on the laser fluence, amine partial pressure, buffer gas pressure
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and the applied electric field this laser enhanced electron attachment was attributed to the
laser-excited superexcited states of these molecules.

Due to the space limitations we only wish to point out one unique aspect of these studies
involving short-lived excited species. The dependence of the negative ion signal on the
applied electric field at the KrF line is shown in Fig. 19 for triethylamine; these data were
taken with two different buffer gases (Ar and N,) and over a range of pressure (1.33 to 66.7
kPa). It is clear that the negative ion signal depends only on E, and does not depend
significantly on either the identity of the buffer gas or the E/P (ie., E/N) value. In a
conventional electron swarm experiment, one would expect a different behavior, since an

1000 ]
[ oe ]
K o P = 0.64 Pa 4
i P TEA -
[ .8 }‘exc = 248 hm T
L o .
g F=1.0 md em™2
= [ o
S
£ [0 0]
= L g
§ 100 - o .
. e ]
(o)) L 4
»h I 8 )
s [ % ]
g | o N, - BUFFER GAS a ]
E *
= (o)
§ I Pr=267 kPa 22 |
g "3
N 40} o Ar-BUFFERGAS o ;
E [ Pr =267 kPa a ]
[}
z ! ]
[ e Ar — BUFFER GAS ]
Py VARIED , £/P7 =3.75 Vem™ *kPa ™"
1 10 100 1000

Electric Field, E(V ecm'1)

Figure 19. Electric field dependence of the normalized negative ion signal in laser irradiated triethylamine
for the experimental parameters shown in the figure (see the text and Ref. 33).

etectron allowed to reach steady-state conditions (within ~ 10 - 10® s) would have very
different energies under these different conditions. In the present case, the electrons are
attached just after they are produced (via photoionization) and well before any significant
energy exchange occurs via collisions with the buffer gas. The electron attachment time
must be less than the duration of the laser pulse which is ~ 10* s.

Nitric Oxide. In NO, electron attachment to the superexcited states was observed using
the KrF excimer laser line and also at several wavelengths from a dye laser pumped by a




XeCl excimer laser’’. In the case of dye-laser irradiation, resonance enhanced multiphoton
ionization (REMPI) experiments were conducted first to determine the resonance wavelengths
for optimum ionization signal. Since the attaching electrons in this technique are produced
via photoionization, it is essential to have a large enough number of electrons (~ 10°®) per laser
pulse33 to quantify the measurements. -

Similar to the amine compounds, no significant buffer gas pressure dependence was
observed at 454.433 nm dye laser radiation, and the laser fluence dependence for negative
ion formation was consistent with electron attachment to SESs. However, in the case of the
K:F line the negative ion signal increased with the increase of buffer gas pressure, even
though the total signal (and hence photoionization signal) did not depend on the buffer gas
pressure. At the KrF line, the excess energy of the ionized electron is ~ 0.7 eV, and the
collision time with N, at the pressures employed is < 10" s (Ref. 37). Thus, there was
enough time for the electron to lose some energy via collisions and therefore to attach more
efficiently. Previous photoelectron energy measurements had shown*® that while near-zero-

SIGNAL (mV)
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Figure 20. Laser intensity, I dependence of the measured total, Vo, and negative ion, I, signal for H, for
the experimental parameters shown in the figure (see the text and Ref. 47).

energy electrons were produced at the dye-laser wavelength,--and hence energy loss was not
needed--they were not produced at the KrF line.

Hydrogen and Deuterium. Due to their comparatively high ionization thresholds (~ 15.4
V) it was not possible to obtain high ionization yield for H, and D, via frequency-doubled
dye laser radiation. However, due to the serendipitous coincidence of the 2-photon energy
of the ArF excimer laser line with the E,F ‘Z; (v = 6) state, it was possible to carry out
qualitative measurements at that laser line.

The laser intensity I dependence of the total signal and the negative ion signal are shown
in Fig. 20 for H, irradiated by the ArF laser. The apparent I’ dependence observed for the
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3-photon photoionization process is due to the strong photon absorption from the E,F state’
since the excitation of a SES in turn should be an apparent 2-photon process, the observed
r dependence for negative ion formation is consistent with the attachment of an electron
produced via photoionization to a molecule in SES, or an attaching species produced via a
SES. Qualitatively similar results were obtained for D,.

Nitrogen. No photoenhanced electron attachment was observed for N, (Ref. 47). This
is to be expected since neither N, nor N can bind an extra electron.

CONCLUDING REMARKS

The internal energy of molecules plays a crucial role in determining their electron
attachment properties. Dissociative electron attachment to "hot" (rotationally/vibrationally
excited) molecules, and especially to electronically excited molecules, can be orders of
magnitude larger than for ground state molecules. Nondissociative electron attachment to
*hot" molecules decreases due to enhanced autodetachment. The experimental techniques
that are now available for the systematic study of electron-energy rich molecule collisions
will undoubtedly enrich our understanding® and increase the potential of this new knowledge
for applications such as those involving optical switching, control or modulanon of the
impedance characteristics of gaseous matter.
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ABSTRACT

Recent aspects of fundamental processes in gas discharges are
discussed. These include the effect of internal energy of
excitation of atoms and molecules on their interactions with slow
electrons, the effect of temperature on electron attachment and
detachment processes, photodissociation of molecules and
photodetachment of anions, and interactions involved in
discharge byproduct formation and discharge diagnostics.
Reference is also made to fundamental processes in gas
discharge materials used in plasma processing.

INTRODUCTION

In this paper an overview is given of recent developments in
identifying fundamental processes underpinning the behavior of
gas discharges and their applications. Many such processes
involve neutral species, positive and negative ions, electrons, and
photons. Collectively these processes control the behavior and
characteristics of the discharge and its uses. While the study of
such processes traces back many decades, fundamental advances
have been made recently in certain areas which open up new
possibilities, both basic and applied. These are the ones this
paper focusses on. We especially emphasize the following: (i)
the effect of internal energy of excitation of atoms and molecules
on their interactions with slow electrons, (ii) the effect of
temperature (rovibrational energy for molecules) on their
electron attachment and detachment properties, (iii) photon-
molecule and photon-anion interactions and the study of
radicals, (iv) basic interactions involved in discharge byproduct
formation and discharge diagnostics, and (v) the effect of the
medium on fundamental reactions. Reference is also made to a
few recent findings on fundamental processes in gas discharge
materials used in plasma processing (e.g.. silane and
halocarbons).

EFFECT OF INTERNAL ENERGY OF EXCITATION OF
ATOMS AND MOLECULES ON THEIR
INTERACTIONS WITH SLOW ELECTRONS

The interactions of slow electrons with atoms and molecules are
functions of not only the kinetic energy of the electron and the
target atom or molecule, but also of the internal energy of the
latter. While the study of the interactions of slow electrons with
ground state atoms and molecules traces back many decades,
the study of the interactions of slow electrons with excited

Elecmc:ty Division, Electrical and Electronics Engineering Laboratory, National Institute of
Standards and Technology, Gaithersburg, MD 20899

atoms and molecules as a function of their internal energy
(electronic and/or rovibrational for molecules) is more recent
and more limited. In the past, experimental studies on electron-
excited target interactions have been difficult because, the
excited species are often short-lived and chemically reactive and
because it is difficult to produce sufficient numbers of excited
species to study under controlled conditions. Today, however,
such studies are becoming increasingly more feasible through the
use lasers.

Excited species are of interest in gas discharges (for instance, the
importance of the formation and destruction of rare-gas-atom
metastables has long been recognized). Recent studies, referred
to in this paper, have shown that the cross sections for electron-
atom/molecule interactions depend rather strongly on the
internal energy content of the atom/molecule and in many
instances the cross sections are several orders of magnitude
larger than for the ground states, and hence even a small
percentage of excited species present in the discharge can alter
its behavior. Such knowledge on electron-excited atom/molecule
interactions offers unique opportunities for changing the
electrical properties of gaseous matter by the use of lasers and
has potential applications in other applied areas such as in the
development of ultrasensitive analytical instruments.

Examples of these new reactions are given in this section (see,
also [1-3]). The limited experimental and theoretical studies to
date on slow electron-excited atom/molecule collisions show
many and often profound changes in the cross sections for
electron scattering, ionization, attachment and detachment.
Especially profound are the reported increases in the cross
sections for electron scattering from electronically excited atoms
and the cross sections for dissociative electron attachment to
electronically excited molecules.

Electron Scattering from Excited Atoms and Molecules

In Fig. 1 are compared [4] the total electron scattering cross
sections for the ground state CO7 and for the vibrationally
excited CO2 molecules [mostly in the low-lying (0.083 eV) 0110
bending mode]. The bending CO- vibration has an associated
electric dipole moment and it was suggested [4] that the
enhancement in the electron scattering cross section is due to the
electron-electric dipole moment interaction associated with this
bond. The cross sections for slow electron-electric dipole
scattering are known to be large [S).
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However significant the effects of vibrational excitation on the
cross section for electron scattering are, they are much smaller
compared to those involving electronically excited atoms and
molecules. This can be seen (Fig.2) from the measurements on
singlet O where the cross section for excitation of the b1+
state of O from the excited state 05" (alAg) is more than ten
times larger than from the ground state Ox(X3Z-g) [6] - Itis
further dramatized by the more extensive data on excited atoms
(Figs. 3 and 4).

In Fig. 3 are compared the momentum transfer cross section, oy,

» for dectron-ground state argon atom [Ar(3 1S)] scattering [7]
with the cross section for elastic scattering of electrons from the
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excited argon atom Ar*(43P) , %, calculated by Robinson
(8]; the latter cross section exceeds the former substantially
faround the Ramsauer-Townsend (R-T) minimum by about 104
times]. The R-T minimum ~ so prominent 2 feature in the cross
section for electron scattering from the ground state of the
beavier rare gas atoms - is entirely absent from the cross
sections for electron scattering from the excited state(s) of the
rare gas atoms. This is a consequence of the much larger electric
dipole polarizability, , of the excited state (a = 318.2 a3 [9);
2o = Bolir radius) compared to that of the ground state atom (a
=11.07 253 [9]). and the resultant dominant role of the electron-
induced dipole polarization potential in the scattering. The
results of a number of calculations clearly show that the cross
sections for scattering of slow electrons from excited atoms are
large and that they are characterized by a large contribution of
higher angular momenta, L, to the total cross section as opposed

to the cross sections for electron scattering by ground-state
atoms where most of the contributing partial waves have small L
values.

The dominant role of the dipole polarizability in electron
scattering can be seen from the measurements of the differential
electron scattering cross sections from ground and excited
atoms. Thus, measurements [10] of the differential electron
scattering cross section for excitation by 30 eV electrons of the
23P excited state of He from the metastable state 23S and from
the ground state (11S) of He showed (Fig.4) that the cross
section for the excited state is up to 10 times larger compared
to the ground state. The maximurm enhancement is for small
angles (forward scattering) as is to be expected for the distant
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collisions involved in the electron-induced dipole scattering ([
a(He (115)] = 1.38 2,3 ; a(He*(23S) = 315 a3 [9]). Actually,
it has been shown (9] that the Vogt-Wannier “limiting case
formula”

Oyw=2.487x10"16 (/)12 (1)

(where @ and the electron energy, €, are in atomic units and Gy v
in cm2), obtained by considering the interaction between an
electron and an atom to be simply the polarization function [11]

VR) =-172 (2 /R%) T2y

predicts reasonably well the magnitude of the total scattering
cross section (see Fig. 5). Clearly the large electron scattering
cross sections for the excited states are sargely due to the large a
of the excited atoms (see, also, [1] and [2]).

Electron Impact Ionization of Excited Atoms and Molecules

There are no data that we know of on the electron impact
ionization cross section o; of vibrationally excited molecules
and those on electronically excited molecules are very hmited
{1,12]. In Fig. 6 are presented the results of 2 binary encounter
approximation calculation [12b] for ionization of the metastables
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N°*3 (A32%,), N*; (2'1£-) and CO*(a3IT). These are

generally higher than those for the corresponding ground state
species; the peak values of the total ionization cross section for

the ground state molecules are 2.5x10-16 cm? for N3 and




2 6x10-16 cm?2 for CO [13]. Both theory and experiment have
shown (2] that o; is larger for excited atoms compared to
ground state atoms as can be seen from Fig. 7; the lower
ionization thresholds and the higher dipole polarizabilities of the
excited species cause a shift of the cross section maximum to
lower energies which, in turn, affects the rate coefficients of the
various discharge processes.

Electron Attachment to Excited Molecules

The internal energy of molecules plays a crucial role in
determining their electron attachment (and detachment, see next
Section) properties {1,3,16]. It has been known for sometime
(e.g.. see [1,3,5.16]) that the cross sections for dissociative
electron attachment to "hot" (rovibrationally excited molecules)
can be very much larger than for the ground state molecules.
The increase is a function of the internal energy of the molecule
and the relative positions of the potential energy curves
(surfaces) of the dissociating negative ion state and the ground
state; as the internal energy of the molecule increases, lower
energy electrons are captured for which the cross sections are

* larger and the resultant transient anions dissociate faster. A
recent example of such profound effects is shown in Fig. 8 [17].
It has, also, been known that nondissociative electron
attachment to hot molecules decreases with increasing
temperature due to enhanced autodetachment of the transient
anion as its internal energy is increased [3,18].
The effect of temperature on electron attachment and
detachment processes has been well studied recently with a
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number of new techniques. In Fig. 9 is depicted the principle of
one such new method, namely the time-resolved electron swarm
technigue [18]. This technique allows information on electron
attachment and detachment processes to be obtained
simultaneously from an analysis of transient electron waveforms.
The electron swarm is produced by a narrow Ny laser pulse

CH,Br in N,
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Fig. 8 Total dissociative dlectron attachment rate constant for
CH3Br as a function of the mean electron energy at various

temperatures [17]
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which strikes the cathode electrode through a hole in the anode
electrode. The electrons drift to the anode undex the influence of
an applied electric field. As they drift 2 fraction is removed by
attachment forming unstable negative ions which are quickly
stabilized by collisions with the buffer gas, forming stable
negative jons. Subsequently, these stabilized anions are
thermally autodetached giving rise to delayed electrons. The
motion of those electrons which reach the anode without ever
been attached ("prompt” electrons) and those electrons which
have been captured and then released ("delayed” electrons )
induces a current in the anode circuit which is observed through
a 50 Q resistor to the ground. The electron current is given by
18.19] -

min(wet,d)

ie(t)=eweldf"e(’<t)dx (3)
wit

where pg(x.t) is the electron number density, we and w; are the

electron and ion drift velocities and d is the drift distance.
An example of the recorded waveforms as they were obtained

for c-C4F ¢ is shown in Fig. 10. The solid curves [curve 1;

Fig.10d] are the experimentally measured total electron currents
as a function of time; the dash-dot curves {curve 2; Fig.10d] are

the calculated electron current waveforms for the t;} and tg-1

obtained from a fit to Eq. 3 and the values of t,-! and tg~! given

in the figure to curves 1; the dotted curves feurve 3. Fig.10d]
represent the contribution to the total electron current of the
initial (prompt ) electron swarm when only electron artachment
occurs, and the broken curves {curve 4; Fig. 10d] represent the
contribution to the total electron current from the autodetached
("delayed”) electrons. As T is increased this latter contribution
becomes increasingly more significant; the parent anions
autodetach faster. From recorded electron current waveforms

such as in Fig. 10, the electron attachment frequency ta'l and
the electron detachment frequency t4-! are obtained at each
temperature using a nonlinear least squares fit; 137! = kN,
where k, is the nondissociative electron attachment rate constant
and N, is the attaching gas number density. In Figs. 1 laand 11b
are shown, respectively, the k, for c-C4F¢" formation and the
147! for c-C4Fg" destruction by electron autoejection as a

function of the mean electron energy and the gas temperature.
" Clearly while the electron attachment rate constant is little
affected by increasing T above ambient, the electron detachment

frequency td" is increased dramatically as T is raised from 450
to 600 K. The latter is also shown in Fig. 11c where tg-1 is

plotted as a function of the internal energy of the c-C4F¢™ anion.
The heat-enhanced autodetachment has an activation energy of
0.237 eV for c-C4F¢g™ and 0.477 eV for CgFg™ [18 ]; itis a

strong function of the electron affinity of the molecule. Thus, in
sharp contrast to the profound increases in the thermally-induced

autodestruction of the parent anions c-C4Fg~ and CgFg~ with
increasing T, no thermally-induced autodetachment was
observed for SF¢™ up to 600 K. This is understood on the basis
of the larger electron affinity (1.05 eV [20 ]) of the SFg

molecule. At least up to 600 K, the collisionally stabilized SFg~
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is stable with respect to autodetachment ( 4! < 0.001x106 5°1

(18])
On the basis of these resuits, then, it can be concluded that there
s littlte effect of T on the k, of parent anion formation but there

is a profound effect of T on the autodetachment frequency which
increases with T; this increase, however, depends rather strongly
on the binding of the extra electron in the anion. These findings
are significant for the modelling of gas discharges and for
understanding the behavior of gaseous dielectrics especially
under conditions where electron detachment is a source of gas-
breakdown-initiating electrons.
Recent studies [3,21] on electron attachment to electronically
excited molecules—prepared by laser light prior to or
concomitantly with the generation of the attaching electrons—
have shown that the cross section for dissociative electron
attachment to electronically excited molecules can be orders of
magnitude larger than for the ground state molecules. A number
of techniques have been developed for these studies and their
principle is shown in Fig.12-
The first group (Figs 12a-c) deals with electron attachment to
excited electronic states— poduced directly or indirectly from
higher-lying excited states reached initially by single or multiple
photon absorption— studied in high pressure (1 to 100 kPa) gas
mixtures using a pulsed Townsend technique {21a,b.c]. In Fig.
12a, a laser pulse enters the interaction region through the
gridded bottom electrode, produces excited molecules M in the
interaction region, and generates a pulse of electrons at the top
electrode. The electron swarm reaches a known steady-state
energy distribution within <10-8 s, and drifts through the
partially excited gas. The drift time taken by the electrons to
reach the bottom electrode is < 10-3 s, and thus electron
attachment to the excited states can take place if the lifetime t of
the excited molecules is > 10-3 s.
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Fig. 12 Principles of movel electron swarm and electron beam
techaiques for the study of electron attachment to electronically
excited molecules (see the text and [3],(21])
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Thé arrangement of Fig. 12b is an improved version of that in
Fig. 122 The production of excited species is decoupled from
that of the attaching electroas by using two lasers as shown; thus
the time delay between the production of the excited species and
the arvival of the attaching electrons in the interaction region can
be varied. Furthermore, the use of three electrodes for
scpanating the interaction and the detection regions allows the
detection of negatively charged particles unambiguously.

In these two arrangements the electrons are brought to the
excited molecules M* within the ifetime tyg” of M* which must
be > 10-5 5. By contrast, in Fig. 12¢ the principle of another
swarm technique is illustrated which has been developed {21 b,c]
to measure electron attachment to short-lived excited states (
tM'<10'3$)inahigh-ptmc(ltolkaa)mvkmm.
The electrons are produced concomitantly with and in the
vicinity of the excited molecules M"* (via photoionization of the
same gas under study or a suitable additive gas) by a single laser.
pulse (Fig.12c). Since the excited species and the electrons are
produced in close proximity, electron attachment can occur in
spite of the short g~

The second group of techniques (Fig. 12d) deals with long-lived
(m'>10‘5$)exdtcddectmlicmmderﬁnglceoﬂision

conditions (pressures < 1074 torr) using clectron beams and
pulsed lasers. They require proper synchronization of the laser
and the electron beams. In the only such experimental study to
date [21d], the electron beam was coatinuous and the laser beam
was an excimer laser pulse having repetition rates of < 150 Hz.
In this experiment it was important to selectively detect ncgative
ions arriving at the detector within a particular gate time AtG
after a preset delay time v from each laser pulse. The gate
delay is associated with the time taken by the (laser-initiated)
negative ions to arrive at the detector, and the gate time should
be < minimum (tp°, 1), where 1" is the ifetime of the
excited molecules and tpy is the time taken by the excited
molecules to diffuse out of the interaction region. (Sec details in
{3, 21d)).
Examples of the new information obtained by these three types
of novel experiments represented by Figs 12a,b, Fig. 12c,and |
Fig. 12d are shown, respectively, in Figs 13, 14, and 15. InFig.
13 is shown the first [21a] observation of optically enhanced
dissociative electron attachment to electronically excited states.
Curve 1 is the coefficient for dissociative electron attachment to
the thiophenol molecule (CgHsSH) in the ground state (laser
off) as a function of the density reduced electric field E/N ; curve
3 is the measured coefficient for electron attachment to the

i molecule in its first excited triplet state, reached
indirectly from higher excited (singlet) states, themselves
populated by single photon absorptioa using the 249 nm KrF
excimer line. When the laser photon energy is below the first
excited singlet state of the molecule (which is the case for the
308 nm laser fine) no enhacement is observed (curve 2 in Fig.
13). The enhancement is actually about 100 times larger than
indicated in the figure since the ratio of the excited tc the
unexcited thiophenol molecules was about 0.01 under the

i conditions of reference 21a.

In Fig.14 are shown the large negative ion signals observed
when Hy was irradiated with the AsF laser line (192 nm) and its
dependence on the laser intensity I. Virtually no anions are
formed from ground state Hy at room temperature; the rate

constant for H- production at 3.75 eV is < 10-14 cm3s7! (see p.
455 of [S]). The large negative ion signals under laser irradiation
were interpreted as resulting from electron attachment to high-
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lving excited states of Hp which are reached by three-photon
absorption; they indicated that the rate constants for electron
attachment to such states (or to lower-lying excited states to
which these decay) are enormous: > 106 cm3s°! [21¢,22).
Cross sections of such magnitude can have profound
immplications in many technologies (e.g., negative ion and neutral
particle beams [22]. Hy discharges [23], lasing mechanisms
[24)). The observation of laser enhanced dissociative electron
attachment to SiHy [25], CH4 [26] and other molecules [3]
points to their possible significance in plasma deposition and
materials processing and to the possible development of
uitrasensitive analytical instruments.

In Fig. 15 is compared the cross section for O~ production from
304 in the ground state (Fig.15a) and under laser irradiation

(XeCl line; 308 nm) (Fig. 15b). The O~ signal with the laser on
was obtained at a laser repetition rate of 150 Hz; the rest of the

experimental conditions were as for Fig. 15a. It is evident that
under laser irradiation in addition to the ground-state processes
(Fig. 15a) anintense peak appears at near-zero energy which
was attributed [21d] to the reaction

hv(308 nm) + SO, — SO, (B, or'A;)

+ e. (< 0.5 evz Sozo_ e O. + SO (4)

The electron energy required for the transition from
SO, *(1B) or 1Ag) to SO~ is small, and thus the

photoenhanced signal appears at close to zero energy. The
photoenhanced resonance is also narrower, due to the change in

the equilibrium distance of SO,* compared to SO7. The broken

@
!
e
3
o
5 P 11
% { 7 o O~ from SO
>c- e —_— expdata
o | & At « 10 s / laser on
e tg =104s

2 4 6
Electron Energy (eV)

Fig. 15 Relative cross section for the production of O~ from SO,
as a function of electron energy for ground state SO; molecules
(Fig.15a) and for a mixture of ground and excited SO, molecules
(Fig.15b) (See the text and [21d])
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curve in Fig. 15b is the experimental data corrected for the
variation of the electron current with electron energy and
normalized at 8 eV (see [21d]). The intensity of the near-zero
energy peak is very much larger than is indicated in the figure
because only a small fraction of the SO molecules are excited
by each laser pulse. The peak cross section value for the
photoenhanced O signal was estimated [21d] to be at least 2 to
3 orders of magnitute larger than the peak cross section value
(2.44le0‘18 cm2) for O from the ground state.

These observations may have implications for the behavior of
SO, and other similar-type pollutants in the atmosphere.

PHOTON-ANION AND PHOTON-MOLECULE
INTERACTIONS AND THE STUDY OF RADICALS

Photodetachment and photodissociation are two photoprocesses
of interest to gas discharges. The former creates free electrons
and the latter free radicals.

Photodetachment

A significant recent accomplishment has been the development
of new techniques for the study of photodetachment processes in
both the gas [27-31] and the other states of matter (e.g., see
[30]). The method described in {30] and (31] is particularly
sensitive and can provide accurate measurement of absolute
photodetachment cross sections Spa(V) and photodetachment
energetics. In Fig. 16 are presented the results of [31] for the
reaction

SFg- + hv —— SFg + ¢ 5)
The photodetachment cross section has a threshold at 3.16 eV

which is about three times larger than the electron affinity of the
SF¢ molecule (about 1.05 eV). The magnitute of the
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M«mecﬁonhumﬁomdwdudddw
1.0x10-18 cm? at a photon energy of 3.46 V. The small size of
the measured plmodaadunentcmssseaionismimedtodt
hrgerdaxﬁionhdneequilibriumhtamdarposiﬁomofSFs‘
compared to SFg -

Photodissociation

Amstimustingsmdyofthisﬁmdmmlpgmsisdmm
thephotodissodationoffreonsmdercoﬂisionlsscondiﬁons
using lasers: CHFCY, {32], CHCl; (32], CF,BrC1{33], CFCl3
(34]. CF,Cl, [35] and the radical CHCl, {32]. These studies
provided absolute cross section data and photodissociation
qmnmmyiddsforspeciﬁcmdialswhichanaﬂowﬁte
controlled photoproduction of radicals for further study. Such
hv&aigaﬁmmhnpommmviewofﬂwuseofd\seﬁ'eon
compoundsinplamupmecsingofnmerials. In Table 1 are
listed pertinent findings by these workers. The high yields for the
rmaiomgivmintheTablcdarlyshowthanmehsu'light
wavelength (193 nm) used, the decay of the excited states of
these freons is via the C -Cl fission. (See, also, a review of
absolute cross sections for photoabsorption, partial
photoionization and ionic photofragmentation processes for a
number of molecules in {36]).

’Tﬂei:Wdﬁmwiﬂmwm

;hdm ‘Cmg i 'OnmmY'-ﬂ

(10° o.g
CF Ll + hv—e .35 -1 £
CF L1 +C1
CFCly + tw— “ -1 3
CFCl, «+ Q1
CHFCL, + hv—e 2 -1 »
CHFCI « Q1 .
CHCLy ¢ hw e 8 -1 2
cHCL, « O
Radicals

The study of radicals, especially those radicals which are of
technological significance, is rather demanding. Very little is
known, for example, about their electron attachment, scattering
and impact ionization properties. Efforts are under way at the

authors' laboratory to study electron attachment to radicals and

recently significant results have been reported [37-40] on
electron impact ionization of radicals of interest to plasma
etching and deposition. For examble, the free radicals CF3 ,
CF3, and CF were prepared [37-40] by near-resonant charge
transfer reactions of CF3++ CFa* and CF* with various species
(e.g., Xe) and the positive ions produced by electron impact on
them have been identified and quantified. These radicals and
their jons are most abundant and reactive species that result from
the dissociation of CF4-

In Fig. 17a are shown [37] the absolute cross sections for
dissociative ionization of CFy (x = 1-3) free radicals of CF3; the
molecular fragment ionization ( CFy*, CF* from CF3 ) cross
section exceeds the parent ionization cross section (CF3* from
CF3). In Fig. 17b are presented abi,solute cross sections for the
parent ionization of the CFy (x = 1-3) radicals by electron
impact [38]. These results are impgnant in modeling discharges
of the CF4 gas.
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Fig. 17 a. Absolute clectroa-impact ionization cross section for the
fomaﬁonof@;"wmtius(.)deFz*(v)ndCﬁ(.)
fragment ions from CF3 as & finction of clectron energy. Also
shown (4) is the sbsolute cross sectioa for the formation of F~ at 70
eV. The energy dependence of the F- cross sectioa is indicated by
the solid Ene sbove 50 ¢V and by the broken Line below 50 eV [37]
b. Absolute electron- impact ioaization cross section for the
‘omaﬁonoﬁhe(}',(x-ltoli)pumionssnfmcﬁoﬂof

dlectroa energy; () CF3*, @) CF2* and (v) CF* (from{38)).

ANION PROCESSES INVOLVING SF¢
DISCHARGE BYPRODUCTS

When electrical discharges occur in SF, or in mixtures of this gas
with O, and H;0, a host of stable or quasi-stable electroncgative

are formed which include such specics as SOF,, SO,F,,
SOF,, SO;, S,0F 0, S,0;F . SF,, and S;F, [41,42]. The cross
sections for total electron scattering and clectron attachment
processes have recently been measured for these species (43-45).
Shown in Fig. 18 are the dissociative electron attachment rate
coefficients as a function of E/N for SF,, SOF,, SOF,, SF,, and
SO, in SF, which were calculated from directly measured cross
sections in an electron beam apparatus {43]. Although the
dissociative attachment rates for the byproducts indicated in Fig.
18, as well as the rates for SOF, (not shown in the figure) fall

* below the values for SF,, the rates are still high enough that the

dielectric strength of SF is not measurably reduced when small
amounts of these compounds are present.
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SF, and SO, in SF as a function of E/N [43]

The byproducts S,Fo. S,0F 0, and S,0,F,, on the other hand, have
electron attachment cross sections and cotresponding electron
attachment rate constants that are significantly higher than those
for SF,. Figure 19 shows the measured [45] clectron ancrgy
dcpmdcwcoftheabsolmmssecﬁonsfordisociaﬁvcelm
attachment 1o S,0F o, $,0,F o, and SF, compared to the calculated
maximum s-wave capture limit (nX?) corresponding to the Wigner
threshold condition [46]. The cross sections for both S,0F and
$,0,F ;, are anomalously high, exceeding the s-wave limitat 0.1 eV
by more than an order of magnitude. In the case of these
molecules, there is reason to question the applicability of partial-
wave analysis and therefore the s-wave limit to electron scattering
because the electron-molecule interaction potentials are not likely
to satisfy the requirement of spherical symmetry. Tt should be kept
in mind that these are relatively large, asymmetric molecules that
likely have multicentered interaction potentials. :

The dissociative electron attachment cross section for S;Fy, also
exhibits somewhat unusual behavior as is illustrated by the results
shown in Fig. 20 which indicate a significant cross section for
clectron impact energies up to 11 eV. For all other SF, oxidation

byproducts it is found that electron attachment occurs at electron

energies below 8.0 eV [43,45]. The higher encrgy electron
attachment resonances above 4 ¢V do not contribute significantly
10 the clectron attachment rate for E/N less than 107 Vm?
corresponding to typical discharge conditions in SF,. This accounts
for the relatively low rates for SO, scen in Fig. 18, because its
ground-state dissociative electron attachment cross section is
peaked near S eV (see Fig. 15). It is also interesting to note that
SF, formation coatributes significantly to the S,Fy, dissociative
attachment process at low energies below 1 ¢V. The experimental
results [43-45] show that dissociative electron attachment is the
predominant electron attachment process that occurs for all SF,
byproducts mentioned above, and therefore, the electron
attachment process will contribute to the destruction of these
species in a discharge.

In assessing the role of anion processes in SF discharges there arc
other unusual characteristics of the anion chemistry in this gas that
should be pointed out. The first concerns the anomalousiy high
collisional detachment threshold encrgies that have been observed
[47] for the ions F, SFy, and SF" that result from clectron
attachment to SF,. The measured collisional detachment cross
sections for these three ions are shown in Fig. 21 and indicate that
SF, and SF, both have detachment thresholds at about 90 ¢V and
F- at about 8 eV. Because of these high thresholds, the negative
jons formed directly form SF, will not detach by collision under
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Fig. 21 Collisions! electron detachment cross sections for F,
SF;, and SF on SF, target gas as a function of the center-of-
mass energy {47]

typical discharge conditions. It can, therefore. be concluded that
collisional detachment processes in SF, that are important for
determining discharge initiation probability, will be controlled by
anions associated with impurities such as OH" from H,0 [48].
Once discharge byproducts appear in the gas, they can become
important in controlling the anion chemistry through such
reactions as: ) .

SF¢ + SOF, — SOFs + SF;

SF¢ + SO, — SOF + SF;s
-~ SFs + SOF
—s SOF; + SF,

which have high rates that approach the theoretical collision limit
at low temperatures or at low E/N [49, 50]. In a decomposed gas
in which oxyfluoride byproducts are present, the predominant
initial SF, anion will rapidly convert to other jons such as SOF;.
At the present time, little is known about the collisional
detachment rates of the oxyfluoride-type anioas.

EFFECT OF MEDIUM ON GAS-PHASE REACTIONS;
INTERACTIONS ON SURFACES

Many fundamental reactions depend on the density and nature of
the medium in which they occur. The behavior, for example, of
slow clectrons in matter depends on the state of matter. In
addition, the surface often acts as a catalyst and the cross
sections for and energetics of reactions occurring on the surface
differ from — and affect—- those in the gas. These processes

need detailed investigation as do clustering phenomena involving’
neutrals and/or charged particles. The topic is of current interest
(e.g.. sec [16] and [51])-
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L ON TTERING CROSS S ONS FOR
TLANE AND BALOCARBONS

In this section we refer to two recent studies dealing with the
determination of electron scattering cross sections for
polynomicmolewlesoftedmologialb\tmneﬁrststudyis
onSiih.mdisptowtypialofﬁueconﬁmouseﬁ'ontoobuin
consistent sets of low-energy electron scattering cross sections
for the various elastic and inelastic processes for polyatomic
molecules using electron swarm transport coefficients and
Boltzmann transport equation analysis or Monte Carlo
computations. In Fig 22 is shown the set of cross sections
obtained recently {52] for SiH, by the use of Monte Carlo
calculations and transport data in SiH,-He mixtures. The authors
anphasizedthesigniﬁaneeofusingdectmntrmspondmon
SiH, in a “non-Ramsauer buffer gas® (He) to achieve
cmsis(cncyindtcdetivedaossmdons.Cmsseaionsetsof
this type are important in identifying and quantifying the

rs and the mechanisms in thin film technology using
SiH, gas (52].
The second study is on halocarbons CF,, CCIF3, CClyF;, CCI5F
and CCl, [53] and is prototypical of efforts to measure electron
scattering cross sections over wide energy ranges using
monoenergetic electron beams. The measurements of this
investigation on the total electron scattering cross sections from
10 to 4000 eV are shown in Fig. 23 (see, also, [$4] and [55]).

o (10" em

Fig. 22 Electroa collision cross sections for SiHg; the subscripts T,
m, 24, 13, a, d, i correspond to the total (clastic + inelastic),
momentum transfer, first vibratioaal, second vibrational,
attachment, dissociation and ionization cross sections respectively
i521.

CONCLUSION

New methods and experimental techniques provide basic
knowledge which allows a deeper understanding of fundamental
gas discharge processes. This knowledge opens up new
possibilities for applications.
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